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FOREWORD 


THIS book is based on lectures delivered by the author in 1960 
and 1961 at the Institute of Theoretical and Experimental Physics 
of the Academy of Sciences of the USSR and at the Joint Institute 
of Nuclear Research. The book is meant for experimental physicists 
working in the field of elementary particles and high energies, 
and for young theoretical physicists specializing in this field. 

The author has set himself two tasks: first, to make the reader 
familiar with the basic ideas and problems of the theory of the 
weak interaction of elementary particles; second, to make the 
reader familiar with the methods of calculation within the theory 
and to show him how the methods are to be applied. 

The overall content of the book is concentrated about two 
pivotal hypotheses: the universality of the weak interaction, and 
the composite model of strongly interacting particles. These hypo- 
theses allow the contents to be expounded in a more concise way 
and to retrace the connection between various problems in the 
theory of weak and strong interactions. Like every extrapolation, 
the hypotheses of the universality and of the composite model 
will undoubtedly be improved in the future and in part modified 
in the light of new experimental facts. In the form in which they 
are presented in the book, these hypotheses are to be considered 
as a “zero approximation”’. 

The author is deeply grateful to A. I. Alikhanov and I. Y. 
Pomeranchuk, with whose initiative the lectures were delivered 
and the book was published, to I. Y. Kobzarev for his valuable 
advice, to V. B. Berestetskii who read the manuscript and made a 
number of useful remarks, and also to V.A. Kolkunov, E. P. 
Shabalin, V. V. Solovyev and N.S. Libova for their help in pre- 
paring the book for publication. 
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FOREWORD TO THE ENGLISH EDITION 


IN PREPARING this edition only minor amendments were made in 
the basic text of the book. To keep up, if only in part, with recent 
developments in this field, the chapter “Weak Interaction and 
Unitary Symmetry” was added. J take this opportunity to express 
my deep gratitude to V.B. Berestetskii, V.B. Mandeltsveig, 
I. Y. Pomerachnuk, J. Prentki, J. S. Shapiro, V. V. Sudakov, V. V. 
Vladimirskii and V.J. Zakharov for their discussions on various 
problems of unitary symmetry, which were very useful to me in 
writing the chapter quoted. I am in particular grateful to I. Y. Kob- 
zarev, who read the manuscript and made a number of valuable 


remarks. 
L. B. OKUN’ 


CHAPTER 1 


PARTICLES. INTERACTIONS. MODELS 


CLASSIFICATION OF ELEMENTARY PARTICLES 


All matter around us is made of elementary particles. All 
known processes and interactions in nature are due to the inter- 
action between elementary particles. 

The present known elementary particles can be divided into 
four classes. The first class contains only one particle—the photon. 
The second consists of leptons: electron, muon, neutrino, and 
their antiparticles. The third one comprises the mesons: three 
mz-mesons and four K-mesons. The fourth one contains baryons 
(nucleons, A-, 2- and &-hyperons) and antibaryons. All these 
particles are enumerated in Table 1. 

Beside the mesons and baryons enumerated in Table 1 other 
particles are known which are not included in the table because 
of their extremely short lifetimes. These “‘particles” live for such a 
short time that they manifest themselves only in the form of reso- 
nances in reactions at high energies. Such resonances are often 
considered as excited states of the m-meson, K-meson, nucleon, 
/l-hyperon and so on.f 


TYPES OF INTERACTIONS 


There are four types of elementary-particle interactions, sharply 
differing from one another: the gravitational, the electromagnetic, 
the strong and the weak. 

The gravitational interaction has a very small coupling constant 
(it is very weak), and, if its character does not change sharply at 
small distances, its role is insignificant for the phenomena that we 
are going to consider. Indeed, the energy of gravitational interaction 


1 Sce tables of baryon and meson resonances on pp. 234 and 235 (note added. 
in 1964). 
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of two protons set apart at a distance r is equal to 
m? 
uw —, 
r 
where x is the Newtonian constant, x = 6 x 10-°?/m?, while m is 
the proton mass.t When r ~ 1/m this energy amounts to ~ 10-°?m 


TABLE 1. MASSES AND MEAN LIVES OF STABLE ELEMENTARY PARTICLES 


Class Particle | Spin Mass (MeV) Mean life (sec) 
Photon y 1 0 00 
Vo 4, <2 x 10+ oe) 
Leptons Vy 4. <4 00 
e 4 0-511006 + 0-000002 00 
Il 4 105-659 + 0-002 (2:2001 -- 0:0008) x 10° 
a 0 139-60 + 0-05 (2:551 + 0-026) x 10-8 
n° 0 135-01 + 0:05 (1-80 + 0-29) x 10-1 
Mesons K* ) 493-8 + 0:2 (1:229 + 0-008) x 10-8 
K$ 0 498-0 + 0:5 (0:92 + 0:02) x 10719 
k3 0 498-0 + 0°5 (5-62 + 0-68) x 10-8 
79 0 548-7 + 0-5 I’ < 10 MeV 
Pp 4 938°256 + 0-005 ora) 
n 4 939-550 + 0-005 (1:01 + 0-03) x 10° 
A° 4 1115-40 + 0-11 (2:62 + 0:02) x 10-19 
at 4 1189-41 + 0-14 (0:788 + 0-027) x 107! 
Baryons| 2° 4 1192:3 + 0:33 < 1:0 x 10-14 
a 4 1197-08 + 0:19 (1-58 + 0:05) x 107-19 
=? 4 1314-3 + 1-0 (3:06 + 0:40) x 10-1° 
ia 4 1320°8 + 0-2 (1:74 + 0:05) x 10-1 
§2- ? 1675 + 3 ~0:7 x 10719 


The table is taken from the article: A. ROSENFELD et al., Rev. Mod. Phys. 
36, 977 (1964). 


+ Hcre and in what follows we shall use the system of units in which f = c =1. 
In this system the action and velocity are dimensionless quantities. Hence 
energy, momentum and mass have the same dimensions: 


[E] = [p] = [mr], since E=mc?, p=inv. 
Dimensions of the time and length are also expressed in terms of those of 
mass. (] = [t] = [nr4], since J=vt, Et~h, pl~h. 


The reaction cross section has the dimensions [o] = [m*], while the decay 
probability has the dimensions [w] = [n7]. 

It is easy to pass to ordinary units by taking into account the fact that 
himew 2x 10°'*em, h/mc* »7 x 10-7° sec, 1/6 x 1073 971, m being 
the proton mass. 
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and, consequently, is negligibly small in comparison with the 
proton mass m. 

The electromagnetic interaction, i.e. interaction of charged par- 
ticles with photons and (in consequence of photon exchange) with 
each other, is characterized by the value of electric charge e. The 
energy of the Coulomb interaction of two protons set apart at a 

: : , I ; ; 
distance r is equal to aw/r, where « = e* = 737° while e is the 
proton charge. For distances r ~ m~-' between particles the energy 
of electromagnetic interaction amounts to «m and is small in 
comparison with the proper energy m of the particles. The relative 
weakness of electromagnetic interaction was used in constructing 
quantum electrodynamics, i.e. theory of interaction of electrons 
with photons. The smallness of the constant « allows one to consider 
electromagnetic interaction as a small perturbation and to develop 
in quantum electrodynamics the methods of perturbation theory. 
The mathematical methods of quantum electrodynamics enable 
calculations to be carried out with an accuracy exceeding that of 
contemporary experiments. 

The strong interaction, 1.e. the interaction between mesons and 
baryons, in contrast to the gravitational or electromagnetic, 1s 
short-range. The energy of the strong interaction between two 
particles at a distance larger than 10-'* to 10-'* cm is negligible, 
but at smaller distances (r ~ 10-** cm) the energy of strong inter- 
action becomes of the same order of magnitude as the mass of the 
strongly interacting particles. f 

If the photon emission by the electron is characterized by the 
dimensionless constant «, the pion emission by the nucleon can be 
characterized by the constant g* ~ 14. It is evident that such a 
strong interaction cannot be considered in terms of perturbation 
theory. Development of a theory of strong interaction has been, 
for about 30 years, one of the main problems in the physics of 


+ The term ‘‘strongly interacting particles” is cumbersome and inconvenient. 
Lack of a brief term for strongly interacting particles has led, for example, 
to the fact that decays into strongly interacting particles are called *‘non- 
leptonic’. Such a term is inaccurate, since “‘non-leptonic”’ may also mean 
‘“‘photonic’”’. . 

It is reasonable to call strongly interacting particles hadrons, and the corre- 
sponding decays—hadronic. In Greek the word hadros means “‘large”’, “*mas- 
sive’’, in contrast to the word leptos, which means “‘small”’, “light”. The 


term hadron refers to long-lived mesons and baryons, as well as to resonances. 
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elementary particles. Recently there has been an intensive investi 
gation of a dispersion approach to the theory of strong interaction, 
based on such general principles as causality and unitarity. 

The weak interaction, responsible, in main, for clementary- 
particle decays, is very short-range: its effective radius is apparently 
substantially smaller than that of the strong interaction. It amounts 
to about 107!’ cm. The radius of the weak interaction and, conse- 
quently, its dependence on the momentum of the interacting par- 
ticles, are only beginning to be investigated. We shall return to this 
latcr on. At low momenta the weak interaction can be characterized 
by the weak interaction constant G = 10-°/m’. The corresponding 
energy of the weak interaction of two protons set apart at a distance 
1/m amounts to about 107° a. This allows one to consider the 
weak interaction, in a number of cases, as a small perturbation, 
and to calculate slow processes duc to it in the first order of a 
perturbation theory in the constant G. We shall discuss the validity 
of this procedure when we come back to the problem of the radius 
of the weak interaction (see Chapter 18). 


ARE ELEMENTARY PARTICLES ACTUALLY 
ELEMENTARY? 


It is now time to ask the question: are elementary particles 
actually elementary? This is quite natural when one takes into 
account the number of elementary particles that seem to exist 
at present. If, in addition, the number of extremely unstable excited 
states (resonanccs) is added in, the sum is not lower than that of 
elements Mendeleyev knew. It 1s therefore understandable why 
numerous attempts to “lower” the number of elementary particles 
have been made. The most radical of these attempts proceed from 
the assumption that all observed particles and interactions arc 
manifestations of a unique non-linear spinor field whose non- 
linearity is characterized by a constant. Unfortunatcly, in the 
concrete development of this attractive idea (for example, in studies 
by the Heisenberg group) there are very serious difficulties. Such 
quantum numbers as electric charge, baryonic charge, strangeness, 
leptonic charge, leptonic strangeness (which distinguishes the muon 
from the electron) cannot as yet be obtained as characteristic 
numbers of some unique fundamental Lagrangian. 

However, the question need not neccssarily be formulated in 
the form that cither all particles (fields) are elementary, or that 
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there 1s only one fundamental field. One may adopt the standpoint 
that all elementary particles are characteristic states of a system 
of several fundamental fields interacting with one another. In this 
case individual fields act like carriers of a certain set of quantum 
numbers. This idea underlies numerous composite models of 
elementary particles. In such an approach it is natural to take as a 
principle of the theory the requirement that the number of funda- 
mental fields and constants of interaction between them should be 
minimum. 
COMPOSITE MODELS 


Because the largest family of particles are strongly interacting, 
it is these that it is most important to reduce to a minimum number 
of fundamental ones. Besides, the large intensity of strong inter- 
actions leads one to expect, at least in principle, that the energies 
of interaction and, consequently, the mass differences between 
the particles, are of an order of magnitude comparable to the 
masses themselves. In 1949 Fermi and Yang pointed out that the 
m-meson may represent a bound state of the nucleon and anti- 
nucleon. In this case the binding energy must reach the enormous 
value of 940 x 2 — 140 = 1740 MeV. Data on the interaction 
of antinucleons with nucleons, obtained subsequently, do not 
contradict the assumption of such a strong attraction between 
these particles. With the discovery of strange particles a number 
of models appeared, in which some particles were chosen as funda- 
mental ones, whereas the remaining particles were obtained as 
secondary or composite ones. The most economical model of 
such a type is the one proposed in 1956 by the Japanese physicist 
Sakata. In the Sakata model, fundamental particles are the three 
baryons: proton p, neutron n, and lambda hyperon A, and the 
corresponding antibaryons: antiproton f, antineutron fi and anti- 
lambda A. Thus, instead of more than twenty metastable mesons 
and baryons and about the same (or, maybe, a substantially larger) 
number of “excited” particles—resonances—the model contains 
three fundamental particles. 


ISOTOPIC MULTIPLETS 


One of the first successes of this model was that it allowed one to 
explain simply the classification of strongly interacting particles— 
the so-called scheme of isotopic multiplets, established by Gell- 
Mann and Nishijima few years earlier. 
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We have already mentioned that mesons are divided into the 
two groups z and K, while baryons are divided into the four 
groups: nucleons, A-hyperons, +-hyperons and £-hyperons. These 
groups are called isotopic multiplets. The term is somewhat in- 
accurate, because the particles pertaining to a given multiplet are, 
according to nuclear physics, not isotopes but isobars, since they 
are of the same mass and different charge. It would be more correct 
to call these multiplets isobaric, as has been done, for example, 
in the journal Nuclear Physics. But, following tradition and 
custom, we shall, in what follows, use the term isotopic. 

The particles pertaining to a given multiplet have not only 
almost the same masses but also analogous strong interactions. 
(The small mass differences within one multiplet are apparently 
of electromagnetic origin.) Hence different particles belonging 
to a given multiplet can be considered to be different charge 
states of the same particle. Thus, proton and neutron represent 
two charge states of the nucleon; 2+, 2- and 2° represent three 
charge states of the 2-hyperon, and so on. For describing isotopic 
multiplets it is convenient to make use of the isotopic-spin formalism 
(for more details see p. 83). 

The number JN of particles in a given multiplet is expressed 
directly in terms of the isotopic spin J characterizing this 
rnultiplet: 

N=27T+41. 


From this formula and from Table I it follows that the isotopic 
spin of A-hyperon is equal to zero (isosinglet); the isotopic spin 
of K-mesons, nucleons and &-hyperons is equal to 4 (isodublets), 
and the isotopic spin of a-mesons and 2-hyperons is equal to ] 
(isotriplets). 

Not only metastable particles but also resonances possess a 
definite isotopic spin. The strong interaction conserves isotopic 
spin. This conservation law is due to the so-called isotopic in- 
variance of strong interaction. 

To the particles belonging to a given multiplet there correspond 
different values of the projection of isotopic spin onto the z-axis 
of a so-called isotopic space. Thus, to the proton and neutron 
there correspond, respectively, 7; = +4 and 73; = —4, while to 
the z+, 2° and z~ meson there correspond, respectively, 7; = +- 1, 
T; = Oand7, = —1. 
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The electric charge Q of a particle, its baryon number n and the 
third component of isotopic spin T; determine its strangeness S: 


O=T, +545. 

It can easily be seen that S = 0 for z-mesons and nucleons, 
S = +1 for K-mesons, S = —1 for A- and -hyperons and 
K-mesons, and S = —2 for J-hyperons. Particles for which 
S'+ 0 are called in the literature strange particles. Strangeness 
conservation (equivalent to 7; conservation) accounted for numer- 
ous specific properties of the reactions involving the creation and 
mutual conversion of strange particles. On the basis of the scheme 
of isotopic multiplets the existence of 2°- and £°-particles, un- 
known at the time, and dual properties of neutral K-mesons were 
predicted (see Chapter 15). 


SCHEME OF ISOMULTIPLETS IN THE SAKATA MODEL 


Assume that at small distances (~ 10~-!* cm) there is attraction 
between an arbitrary fundamental baryon (p, n, A) and an arbitrary 
fundamental antibaryon (j, 7, A), whereas there is repulsion be- 
tween two baryons (or two antibaryons). In attracting each other 
the baryon and antibaryon form a bound state—a meson. Thus, 
a proton and an antineutron form a z*-meson, a neutron and an 
antiproton form a zt--meson, p and A form a K*-meson, n and A 
a K°-meson, A and ja K--meson, A and fi a K°-meson. x°-meson 
is a combination of pp and nf with isotopic spin unity: 

ot, 
1° = —-(pp — nh).% 
2 

In analogy with mesons, “composite” hyperons are easy to 

obtain. They contain at least three particles: two baryons and an 


+ In essence, we operate here and in what follows with symbols of the type p 
and f as with wave functions of corresponding particles and antiparticles. The 
states pp and nfi may go over into each other. Their linear combinations 


< (0p — nf) and 5 pp + nf) do not go over into each other. The first 


of these represents a component of an isotopic vector, while the second one 
represents an isotopic scalar (for more details see p. 94). 
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] 
antibaryon. Thus, 2+ = piA, L- = npA, X° = 72 (pp — ni) A. 


Analogously &- = pAA, &° = iAA. We could write the structure 
of these hyperons even more briefly: © = Aa, 5- = AK, where 
z and K are themselves composite particles. Table 2 represents 
the scheme of composite particles in the Sakata model. 


TABLE 2. SAKATA MODEL 


Mesons T3 
at = ph +1 
a” = pn —l 

D— nit 
7° = pp ee 0 
y2 
K~ = pA -4 4 
K°=fA +4 $ 
K+ = pA +4 
K°=ndA —4t 


S = strangeness, 73 = third component of the isotopic spin, ~ denotes anti- 
particles. 


In order that composite mesons and hyperons may be produced, 
a strong attraction between fundamental particles is sufficient, 
whereas for grouping these composite particles into multiplets 
it is necessary that the strong interaction should be isotopically 
invariant. As will be seen in what follows, this means that the 
strong interactions of the proton and neutron, as well as their 
masses, must be equal. 


QUASIPARTICLES IN THE SAKATA MODEL 


A remarkable property of the Sakata model is the fact that, 
beside a simple interpretation of known “‘long-lived”’ particles, 
the model provides a natural explanation of the existence of numer- 
ous quasiparticles—resonances. In order that a composite particle 
may exist two conditions are necessary: first, between the con- 
stituent fundamental particles there must exist a sufficiently strong 
attraction in order that they may form a bound state; second, the 
mass of this state must be smaller than the sum of the masses of 
particles which go over into this state as a result of the strong 
interaction. If the second condition is not fulfilled, then there arises 
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a quasiparticle the lifetime of which is of the order of 10-2! to 
10-*° sec. Therefore the mass spectrum of long-lived particles is 
in a sense “accidental”. For example, »'*-hyperon represents a 
compound state of p, fi and A with a very high binding energy 
(of the order of 2 BeV). But if this energy were lower by only 
hundred MeV, 2*-hyperon would change from a universally 
recognized particle into an extremely unstable state, decaying in 


TABLE 3. PSEUDOSCALAR MESONS IN THE SAKATA MODEL 


nuclear time according to the scheme 2* —> A° + x*. The presence 
of a strong interaction between baryons and antibaryons provides 
a basis for assuming that in nature there must be many such 
“‘unrealized’’ particles. Thus, for instance, in addition to the 
gt-meson two other neutral pseudoscalar states of a system baryon 
+ antibaryon with isotopic spin zero are possible. These states 
are a linear superposition of the systems lying on the diagonal of 
Table 3: 


73 (PP + ni) + BAA, 
5 (pp + nit) — «AA, 
; 


wo? + B= 1. 


It is likely that the recently discovered 7°-meson represents one 
of these states. 

If the attraction between a baryon and an antibaryon in a state 
with spins parallel is not much weaker than in a state with spins 
antiparallel, then, beside pseudoscalar pions and kaons (which 
represent the 1S states of the system baryon + antibaryon), there 
must exist the following vector mesons: three o-particles and four 
K*-particles (representing the °S, states of the system baryon 
+ antibaryon). In nuclear times (~ 10-7? sec) they will decay 
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according to the schemes 
07> 2n, 


K* > K+. 


In addition to these seven vector mesons, there may exist two more 
neutral vector mesons with an isotopic spin equal to zero. It is 
possible that w°-meson—discovered experimentally in the form of 
a resonant state of three 2-mesons—represents one of these vector 
mesons. 

The establishment of the mass spectrum of elementary particles is 
one of the main tasks of the physics of elementary particles. In 
the literature the hope has often been expressed that knowledge 
of the mass spectrum will allow hidden regularities of strong 
interactions to be revealed, just as investigation of optical atomic 
spectra led to the quantum model of the atom and, subsequently, 
to quantum mechanics. From what we have said it is evident that 
the establishment of the spectrum of resonances (of their energies, 
spins, parities) is an integral part of the project of establishing 
the mass spectrum of elementary particles and, consequently, 
is a task of paramount importance. 


UNIVERSAL, UNITARY-SYMMETRIC STRONG INTER- 
ACTION 

In the Sakata model all strongly interacting particles consist 
of three baryonic fields: the proton field, the neutron field and the 
A-hyperon field. The strong interaction between these fields 
underlies all “‘nuclear”’ processes. What is the form of this strong 
interaction of fundamental fields? 

The simplest form of interaction of two fermion fields, for 
example, of the proton field and neutron field, is the four-fermion 
interaction. It is shown graphically in Fig. 1. By making use of the 


D ig, 


Fic. 1 


operators of particle creation and annihilation the Lagrangian of 
this interaction can be written in the form 


2(Pp) (in) 
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where g is the interaction constant, the symbol p denotes the 
annihilation of the proton (p) or creation of the antiproton ()), 
while the symbol pf denotes the creation of (p) or annihilation of 
(p); the same holds for the symbols » and #. The interaction 
2(pp) (fin) can be considered as an interaction between two 
currents: the proton current (jp) and neutron current (fin). 
Dynamical properties of the strong interaction will be discussed 
at length later on; here only its isotopic properties will be con- 
sidered. The now well-established universality of gravitational and 
electromagnetic interactions along with the successes of the theory 
of a universal weak interaction (which will be considered below) 
make the ,idea of the universality of strong interaction very 
attractive. Following this idea we could try to write the strong 


interaction in the form gj,j,, where j,= pp + iin + AA. All 
three baryonic fields are treated completely symmetrically in this 
interaction. If the masses of p, m and A were equal, the strong 
interaction would possess a symmetry which, in the literature, is 
called unitary symmetry. In the unitary-symmetric theory not 
only p,n and A would have the same properties but also composite 
particles would satisfy very strict symmetry requirements. In 
particular, the masses of a-mesons, K-mesons and the 7°-meson 
would be equal to one another. Since, in reality, the masses of 
these mesons are different, this means that unitary symmetry 1s 
violated in nature. 

One can imagine several possible mechanisms of unitary-sym- 
metry violation. Perhaps the “‘initial’’ mass of the 4-hyperon is 
not equal to the “initial” masses of the nucleons, and this is 
responsible for unitary symmetry violation. Maybe there is an as 
yet unknown interaction which is manifested by the A-hyperon 
but not by the nucleons. One way or another, the symmetry be- 
tween the nucleons and A-hyperon is certainly violated. 


ISOTOPIC INVARIANCE IN THE SAKATA MODEL 


The symmetry of the current j, with respect to the proton and 
neutron is one of the most remarkable properties of the model. 
The point is that just this symmetry, along with the equality of the 


+ We use here the terms interaction, Lagrangian and current without defining 
more precisely their meaning. Some explanation will be given later on. For more 
details about these concepts see the monographs on the quantum theory of 
fields quoted in the bibliography at the end of the book. 
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‘initial’? masses of the proton and neutron, underlies the isotopic 
invariance of strong interactions. The symmetry between the 
proton and neutron leads to the fact that composite particles are 
grouped into isotopic multiplets, that the particles of one multiplet 
have equal masses and analogous strong interactions, and that 
strong interactions conserve isotopic spin and, consequently, obey 
numerous selection rules. All this is a consequence of the current 
j, being an isotopic scalar. 

Thus, in the Sakata model, the isotopic invariance of the strong 
interaction, in a sense, reduces to the equality of the “strong 
charges” of the proton and neutron, and in this respect is analo- 
gous to such phenomena as the equality of the electric charges of 
different charged particles. Such an interpretation of isotopic in- 
variance is particularly natural if it is assumed that the masses of 
the particles are determined by their interactions and that two par- 
ticles (1 and p) having the same interactions must automatically 
have the same masses. 


CONSERVATION OF FUNDAMENTAL PARTICLES 


In the Sakata model, fundamental particles are conserved in 
strong interactions, undergoing no conversion into one another. In 
particular three quantum numbers are conserved: (1) the number of 
protons minus the number of antiprotons, (2) the number of neu- 
trons minus that of antineutrons, and (3) the number of A-hyperons 


Pp 
p p 
\ 7 A ? 
f _-—-—-—- > 
A —---—-—> P 
Fic. 2 Fic. 3 


minus that of anti-4-hyperons. This is expressed by graphs in 
which the lines representing these particles have neither a beginning 
nor an end. If, for example, a proton scattering takes place, then the 
diagram has the form shown in Fig. 2. (The proton comes from 
the infinite past, undergoes an interaction at the point A, and goes 
off into the infinite future; the dotted arrow shows the trend of 
time.) 

If a proton + antiproton pair is created, the diagram has the 
form shown in Fig. 3. 
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The motion of antiproton can be described mathematically as 
the motion of proton backwards in time, and the preceding diagram 
can be presented by Fig. 4. (The proton comes backwards from the 
future and goes away into the future.) 


- ye 
A f 
A f ---—-— > 
—— oo 
2 p 
Fic. 4 Fic. 5 


The annihilation of a proton and antiproton is described in an 
analogous way (Fig. 5). (The proton comes from the past and goes 
away towards the past.) 

All that we have said above about the proton also refers to the 
neutron and /-hyperon. In particular, conservation of A-hyperons 
accounts in the Sakata model for strangeness conservation: A-hype- 
rons either go from the initial to the final state, as is the case in 
reactions of the type 

K-4+n-75 A°4+ an, 
or, what is the same, 
(pA) +n A® + (fn), 
or are created in pairs, as in the reaction 


tw +p—7- 4+ K*, 
or, what is the same, 


(fn) + p > (Apn) + (Ap). 


Fundamental particles are also conserved in electromagnetic inter- 
actions, which are due, in the Sakata model, to the coupling of the 
photon with the electric charge (and the Dirac magnetic moment) 
of the proton. Only the weak interaction is able to annihilate and 
create the fundamental Sakata particles. 


UNIVERSAL WEAK INTERACTION 


The weak interaction is responsible for elementary-particle de- 
cays. In a universe in which the weak interaction is “switched off” 
all the particles enumerated in Table 1 would be stable. Only the 
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z°-meson and 2°-hyperon, which decay on account of the electro- 
magnetic interaction, would be exceptions. The weak interaction 
causes not only particle decays but also various processes occurring 
in the collisions of particles. But the cross sections for these pro- 
cesses are very small in comparison with those for strong inter- 
actions. For thc latter a cross section of the order of 10-27 cm? is 
characteristic, whereas the former have cross sections of the order 
of 10-*° cm?. 

The time intervals which characterize known decays due to the 
weak interaction are not less than 10~’° sec, whereas strong inter- 
actions have time intervals of the order of 10-73 sec. Therefore 
precesses resulting from weak interactions are frequently called 
slow processes. 

Slow processes are very numerous and diverse, ranging from the 
B-decay of nuclei to the oscillations of a neutral K-meson beam. 
None the less, it is still possible that the interaction which causes 
these processes is universal, i.e. that it is of the same form and 
magnitude for different particles. The hypothesis of a universal 
weak interaction does not contradictany experimental fact, although, 
as yet, it cannot account for all of them. 

We postulate that the weak interaction has the form 


G.., 
/2 JIwJw ? 
where G is the weak interaction constant (G = 10-°/m7), the current 
jw is of the form 


jy = Ev + flv + Ap + Ap, 
while the Hermitian conjugate current j* is 
jt =Fe+iu + pnt pa. 


Here, as before, the symbol p denotes the operator of proton crea- 
tion and antiproton annihilation, while the symbol p is the operator 
of the proton annihilation and antiproton creation. The same holds 
for the symbols of the other particles, p, n, A, e~, w- and »v being 
regarded as particles, and j, 7, A, e*, u* and # being regarded as 
antiparticles. 

It 1s easy to see that the current j,, lowers the electric charge Q by 
unity, 4Q = — 1, while the current j* increases the charge, AO = 1. 
The product j,,7* 1s Hermitian and, of course, conserves the electric 
charge. The dynamical properties of weak interactions and their 
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behaviour under mirror reflection and charge conjugation will be 
considered in detail in what follows. For the present we shall only 
mention that the weak interaction does not conserve parity. 

The current j,, represents the sum of four currents: the electronic 
current j, = év, muonic currentj,, = fv, nucleonic current j, = “ip 
and strange current j, = Ap. All four currents are treated com- 
pletely symmetrically in the weak interaction, in accordance with 
the requirement of universality. 


TABLE OF WEAK INTERACTIONS 


We enumerate certain processes resulting from the interaction 
of weak currents (see Table 4). 


TABLE 4. SCHEME OF WEAK INTERACTIONS 


év | fiy tip Ap 


fe |U)et+rre+y 
be |) eoretrrv+r |B) vrtuprrstu 
poy wr + oe 
pn |()n>p-ert? (S)utprntyv | (6) 

ta>ety To uty n+p>+n-+p 
atom +e+y pt+p>p+p 
a+non+Hn 

pA|(NA>r+p—et+F | BA>rpt+et+y |Q) (10) 
a>n e+e Lont+petyv |A+pon+p |A+ p> 
K>oa+eryp K>outy A>mp-+a +>+A+p 
Koatwtv | K> 21,32 


The squares of the table which are reflected with respect to the 
diagonal squares contain, respectively, the direct and inverse 
processes. Therefore we shall not fill in the six squares above the 
diagonal. 

In the first square, we encounter at once a process which has 
not as yet been observed experimentally. This is the neutrino- 
electron scattering. The theoretically predicted cross section for 
this process is so small that it cannot be detected without an 
essential improvement in experimental techniques. | 

The product j,j* of the electronic and muonic current gives the 
muon decay (the second square). In the third square we see the 
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neutrino—muon scattering resulting from the interaction of the 
muonic current with itself. A direct experimental observation of this 
scattering is apparently impossible. However, data on this inter- 
action can be obtained if muon-pair creation by neutrinos in a 
nuclear Coulomb field is investigated: 


y+Zo>v4+Z24+yt+yu. 


The next row describes the interaction of the nucleonic current 
with the electronic current, muonic current, and itself. The fourth 
square contains the neutron f-decay: n> p + e- + ~¥v. Since 
proton creation is equivalent to antiproton annihilation, the same 
interaction must also give another process: p+n—7e~ + ¥%. 
According to our model a neutron and an antiproton form a 
zo-meson. Thus, the fourth square contains not only the neutron 
B-decay but also the decay of the z-meson into the electron and 
neutrino. In the same square there is one more process: a* > 2° 
+ e* + y, observed experimentally in 1962. In general, the fourth 
square contains all possible B-processes in which the strangeness 
of strongly interacting particles is not changed; in particular, it 
contains strangeness conserving decays of strange particles, for 
instance 2'- > A° + e- + %. 

The fifth square shows the interaction of strongly interacting 
particles with the pair fv. This square contains the muon capture 
by the proton w= + p—n + », and the pion decay z > w + ». 

The sixth square contains neutron-proton scattering. As distinct 
from ordinary neutron-proton scattering the weak scattering 
should exhibit parity non-conservation, which should give a small 
admixture of parity non-conservation (of the order 10~’ in the 
amplitude) in all nuclear reactions (even those at low energies). 
It should be noted that, owing to virtual strong interactions, parity 
non-conservation will take place not only in np-scattering but 
also in pp- and nn-scattering as well as in reactions at high energies 
(for example, in z-meson production). The accuracy of existing 
experiments is about two orders lower than that which is necessary 
for observing this phenomenon. ft 

The lower row describes interactions of the strange current. 
The seventh square contains the f-decay of the A-hyperon: 


Ao>pte-~+¥%, 


{ The phenomenon of parity non-conservation in nuclear forces has recently 
been observed experimentaly (note added in 1964). 
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and that of the sigma hyperon: 
As->n+e-4F, 
as well as K-meson decays: K >e +7, K->2+ e+», and so on. 

In all these processes the decay is through the A-hyperon which 
is contained in one or the other particles. 

The eighth square contains analogous decay processes with the 
muon emission: A > p + w+ », K > uw + y, and so on. 

The ninth square contains processes in which leptons do not 
take part. These processes have, in the Sakata model, as a basis, 
the reaction 2 + p— A + p. One cannot at present observe this 
reaction in its pure form as its cross section is too small. 

However, proton annihilation is equivalent to antiproton creation 
and, consequently, there must exist the transition 


Aopt+tpt+n. 


If an antiproton combines with a proton, then the following 
a es 
decay takes place Ao>n+7x°. 
If an antiproton combines with a neutron, then there occurs the 

a 
decay Ao>pta. 

Thus, the interaction of the strange and the nucleonic current 
gives the 1-hyperon decay. Non-leptonic decays of other particles 
(K > 2m, K~> 3x, 4. — N+ 2) are obtained as a result of the 
decay of the A-hyperon contained in these particles. So, the ninth 
square includes all non-leptonic decays of strange particles. 

Finally, the last square describes the rare parity non-conserving 
process of /A-hyperon-nucleon scattering. Observation of this 
process is a matter for the far future. 

Summing up, it can be said that the scheme of weak interactions 
we are considering accounts, in principle, for all experimentally 
observed slow processes, and predicts no “‘extra”’ (experimentally 
forbidden) process. 


NEUTRAL CURRENTS? 


It is natural to ask why the weak interaction involves only the 
charged (or, more precisely, the charge changing) current 


i, =é@v+fvt+ip + Ap 
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and does not involve any of the charge conserving neutral currents 


rr. @e, fu. fie, pp. mn, AAS dn. 


Such a choice of currents is not based on anv general principles. 
but on agreement with experiment. Interaction of the currents fe 
and €e would lead to the u* — 2e* + e” decay which has not 
been observed experimentally. Interaction of the currents Fr, 


Ge, fi. @e with the current [7 would lead to the decays 
Atma te te. 
Kiara te tie, 
Ave pattretre, 
Keema tute. 
St —>ptet te, 
A snt+e7 ter. ete. 


which have not as vet been observed. Therefore it can with cer- 
tainty be said that weak interaction does not involve the total 
neutral current. However, the presence of individual products 
of the type (pp + fin) (In). (Fr) (pp) or (au) (Pp) in the weak 
Interaction Lagrangian cannot. so far, be excluded. On the con- 
trary, as will be seen in what follows. a large amount ot data on 
the non-leptonic decays of strange particles could find a natural 
explanation on the basis of an interaction including (pp + fin) 
(Am), whereas the ordinary non-leptonic interaction (pz) (.[p) 
cannot account for them (we refer here to the so-called_I 7 = 4 rule). 
The problem of neutral currents needs further investigation. 


TWO NEUTRINOS 


Another important problem is whether there are neutrinos of 
several kinds. We have written the electronic current in the form 
je = €¥, and muonie current in the form j,, = fo, assuming tacitly 
that the neutrinos included in these currents are the same. However, 
there are no experimental grounds for such an assumption. 

The assumption that », and », are the same (», = ¥,,) might be 
suggested by the symmetry which exists between the three leptons 
(tu. e and +) and the three fundamental baryons (.1. 7 and p) in the 
Sakata model. This symmetry is sometimes called the Kiev svm- 
metry (it was first submitted for discussion at the Kiev Conterence 
on High-Energy Physics in 1959). Indeed, the weak interaction 
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that we wrote down possesses symmetry with respect to the 
exchange 


Amu, noe, perry. 


Introduction of two kinds of neutrinos would violate this symmetry. 
Unfortunately, the problem of the relation between baryons and 
leptons 1s for the present completely unclear. Hence Kiev symmetry 
cannot be taken as a reliable guide. 

The assumption that y, and », are different particles (v, + V,,) 1S 
favoured by the absence of the decays 41> e+ y and p— 3e 
(see p. 211). An experiment that would allow one to solve the 
problem of whether », and », are the same was proposed by Ponte- 
corvo and performed by a group from Columbia University using 
the Brookhaven accelerator. In this experiment (the results of 
which were published in the summer of 1962) it was established 
that the neutrino produced in the x* > yx* + v decays does not 
give rise, in colliding with nucleons, to reactions of the type 
y+ p—>n-+e* ory +n- p + e- which should take place if », 
and », were identical particles. 

Quite a number of schemes which could account for the results 
of this experiment are discussed in the literature. One of these is a 
scheme in which e-, y*, » are leptons, while e+, u~-, 7 are anti- 
leptons, and in which the transitions —e are forbidden by leptonic 
charge conservation. The ordinary muon decay proceeds in this 
scheme with the emission of two v’s (and not a vy and a ¥). According 
to this proposal the neutrino, like other fermions, is a four-compo- 
nent particle, its two left-handed components being contained in 
the electron part, while its two right-handed components belong 
to the muon part.} This scheme is attractive for it 1s economic: 
no special muon charge is introduced in it, and use 1s made of all 
four components in the neutrino wave function. If the neutrino 
mass differs from zero, then, in this scheme, the transition of the 
electronic components of the neutrino to the muonic ones should 
exist, so that neutrinos produced in the 7~ > y~ + » decay might 
give rise to the reaction vy + n > e~ + p. But because of the small 
neutrino mass this effect would be extremely small. If the neutrino 
mass equals zero, one cannot devise any experiment which would 


+ In this case the lepton current is unlike the form that Is at present uni- 
versally adopted (see pp. 33-34), and has the form 


iy, + ys)e+ yall — ys)». 
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be able to distinguish this scheme from that in which the muon 
and muon neutrino have a conserved ‘‘muonic charge’’, and where 
e-, %, 4", ¥, have a leptonic charge of +1, both », and », being 
left-polarized. According to the latter scheme there exists a conserved 
quantity, the muonic charge, which equals +1 for 4 and »,, and 
zero for the other particles. In this case it is natural to expect the 
muon neutrino to have propexties completely unlike those of the 
electron neutrino. For example, it may have a mass. (The present 
upper limit for the muon neutrino mass is ~ 3 MeV.) Moreover, 
the muon neutrino may have anomalous interactions. This possibi- 
lity is particularly likely if the muon itself proves to have an ano- 
malous interaction which is absent for the electron. 


MINIMAL MODEL 


Thus, the Sakata model, in principle, allows a large number of 
phenomena to be described in a unified manner. However, for a 
quantitative description of phenomena mathematical methods are 
needed, and not just a qualitative model. But a real] theory of strong 
interactions is, so far, lacking. We wrote the strong interaction 
Lagrangian in the form of the coupling of the currents of three 
fundamental fields. This Lagrangian possesses all the necessary 
symmetry properties. It is hoped that all the observed mesons 
and baryons will arise as the eigenstates of this Lagrangian, like 
levels in the Schroedinger equation, while resonances will arise 
like virtual levels. We have within the framework of the Sakata 
model a consistent scheme of weak interactions. It is undoubtedly 
of heuristic value. However, without a theory of strong interactions, 
any statement as to the agreement of the model with experiment 
becomes, to a considerable degree, an ‘“‘act of belief”’. 

It may even turn out that without a theory of strong interactions 
the very problem of the existence of fundamental fields makes no 
sense. And indeed, even in the Sakata model, all elementary parti- 
cles are equally non-elementary. Virtual strong interactions “dress”’ 
in a cloud of strongly interacting particles not only the “composite ”’ 
\-hyperon but also the “fundamental” A-hyperon. The physical 
proton, neutron and A-hyperon are by no means identical with 
initial fundamental “‘bare’’ particles, for they contain an infinite 
number of baryon-antibaryon pairs. 

None the less the Sakata model, even in the absence of a theory 
of strong interactions, gives a number of quantitative predictions. 
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These predictions are determined by the fact that this model, 
possessing a minimum number of fundamental fields and inter- 
actions, has a number of characteristic symmetry properties. These 
symmetry properties distinguish the Sakata model from a theory 
in which all mesons and hyperons are elementary and are contained 
in the initial Lagrangian. 

The symmetry properties due to the minimality of initial fields 
and interactions are in no way associated with the obvious concepts 
of composite particles, considered above. They are quite strict 
consequences of the hypothesis that the Lagrangian includes 
only three strongly interacting (baryonic) fields, two of which 
represent an isotopic doublet, and the third represents an isotopic 
singlet. These fields may be not only p, n, A but also 2-, 7°, A or, 
in general, any three fundamental fields 4, B, C which might not 
even correspond to any of the known particles. We shall call 
all such models, based on the hypothesis of minimality, minimal 
models. The Sakata model is a particular example of a minimal 
model. 

Of course, individual symmetry properties inherent to a minimal 
model can be introduced purely phenomenologically and, indeed, 
have been introduced within the framework of the ordinary theory 
which takes all particles as elementary. However, in such a pheno- 
menological approach these symmetry properties turn out to have 
no interrelation and are quite arbitrary. In the minimal model these 
properties follow from the very basis of the model. 

In what follows we shall analyse in detail the symmetry properties 
of the minimal model, and consider possible ways of checking 
them experimentally. 


CHAPTER 2 


SPINORS. AMPLITUDES. CURRENTS 


In CHAPTER 1 we presented a qualitative picture of the interactions 
between elementary particles. In order to proceed to a quantitative 
description of the phenomena we shall need some results from 
relativistic field theory. 


SCALARS AND VECTORS 


It is well known that the laws of physics, in general, and those 
of elementary particle physics, in particular, are invariant with 
respect to Lorentz transformations: in different inertial systems 
the laws have the same form. 

All quantities involved in physical equations are divided into 
classes according to their behaviour under Lorentz transformations. 
The simplest class are scalar quantities, which do not change under 
these transformations; for example, a particle’s mass 7). 

Another group are the vectors. A particle’s 4-coordinate ts a 
vector, which we shall denote by x, (u = 1, 2, 3, 4): 


Ny HX, AQ=), NZ HZ, Ng = 0. 


A particle’s 4-momentum ts also a four-dimensional vector formed 
by its energy E and momentum p: p, = (E, p). Scalar products of 
vectors are invariants. In particular, the square of its 4-momentum 
is an invariant: 


p= PaPa — P1P1 — P2P2 — P3P3 = E* — pe = PuPp = m?, 


In what follows, if in a product there are two identical subscripts 
(for example, x, p,,) this will denote a special sum of products, 
the product of the space terms subtracted from the products of 
the time terms. This corresponds to the fact that four-dimensional 
space 1s not Euclidean but pseudo-Euclidean. 
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The product of two vectors can be written also in a somewhat 
different way, if the second-rank symmetric tensor 04, 1S intro- 
duced: 

px = Puru = PuXrO pv 


where 
| l, if w=v=4 
Oo = ,—- 1, if w=r=1,2,3 
| 0, if wy. 


WAVE FUNCTION 


The wave function of a particle with spin zero (for example, 
that of the z-meson) behaves under Lorentz transformations like a 
scalar. For a free particle the wave function @ satisfies the Klein— 
Gordon equation, which in momentum representation has the 
form 

(p* — m’)y = 0, 


where p is the 4-momentum of the particle, while m is its mass. 
It is evident that one function is insufficient for describing a 
fermion, because such a particle has at least two states (depending 
on the direction of the spin). Hence it is obvious that at least two 
functions are necessary for describing a particle with a spin of $. 


SPINORS 


Indeed, a particle with spin 4+ can be described by two func- 
tions satisfying a system of two second-order equations similar 
to the Klein—Gordon equation. The set of two such functions is 
called the spinor and is denoted as 


( 

v= . 

V2 

In the literature a particle with spin 4 is usually described not 
by two but by four functions satisfying a system of four first-order 
equations. These wave functions are called bispinors or four- 


component spinors and, to within a normalization factor, are of the 
form 


2 EP 
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In the rest system of the particle 


0 


if the spin is directed in the opposite direction. 


DIRAC EQUATION 


The system of four equations satisfied by bispinors (in what 
follows, for the sake of brevity, we shall call these simply spinors) 
can be written in the form of a matrix equation, if use is made of 
y-matrices. This equation is called the Dirac equation. From the 
fact that the spinor u is a four-component spinor it follows that 
y-matrices must be 4 x 4-matrices. The Dirac equation, written 
in terms of y-matrices, in the momentum representation is of the 


form (pb —m)u=), 


where it is understood that is multiplied by the unit 4 x 4- 
matrix J, while p = p,y,, = Paya — p-. y. An explicit form of the 
y-matrices will be considered below; meanwhile we shall find 
commutation relations for these matrices. 

We multiply the Dirac equation from the left by (6 + m). Then 
we obtain 


(p + m) (p ~~ m) u= (PuPoV po m?) u=0. 


If we now require that the condition p* = m? be fulfilled, then this 
equation must have the form 


(p? ~~ m’) u= Q, 


whence, taking into account the symmetry of the tensor p,p,, 


we obtain 
VV + Von = 20yy- 
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o-MATRICES 


4 x 4-matrices y, satisfying this relation are conveniently con- 
structed from the Pauli 2 x 2-matrices o. We shall deal with the 
following 2 x 2-matrices: 


, {10 00 
[= = 
( i) ° ( 0) 


01 0 -i 1 0 
nt eC 0): v= (5 4); 


The product of two matrices is a new matrix. Its element (i, 4), 
where 7 is the number of a row, while xk is the number of a column, 
is obtained by multiplying an ith row of the first matrix by a kth 
column of the second matrix. Carrying out such a multiplication, 
one can easily see, for example, that 


0,0, = 103. 


The result of the multiplication of two matrices depends on their 
order in the product. In particular, 


010, = —0,0, = 103. 


It can also easily be shown that 


~~ 


oj =o, =0;=/. 

The properties of the o-matrices can be expressed by the formula 
O,0, = Oapl + G2 LE By Oy3 

where (a, 8, y) = 1, 2, 3, 6,5 is a second-rank symmetric tensor: Tf 


6.g = 1 if x = 8, or 5, = 0 if « + B, while ¢,,, is a completely 
antisymmetric third-rank tensor: 


1, if «, 8, y are obtained from 123 by even permutation, 

Expy = | — 1, if x, 8, y are obtained from 123 by odd permutation, 

| 0, if among x, 8, y there are at least two identical 
indices. 


In what follows we shall encounter the product é,,,é,,,, in which 
a summation is to be carried out over certain indices. It can easily 


+ We introduced here the symbol ~ in order to distinguish between the 
three-dimensional 6-symbol (6) and the four-dimensional one (6), as well as 
between the unit 2 x 2-matrix (7) and the 4 x 4-matrix (/). Henceforth, in 
the cases when this does not lead to any misunderstandings, we shall not make 
this distinction, and shall write 1 instead of J or /. 


o* 


26 INTERACTION OF ELEMENTARY PARTICLES 


be seen that the product of two antisymmetric tensors é 1s expressed 
by the determinant 


ow 


ban Sav Oxo 
Expy Env ~~ Ob Op. Oe 
On Ow Syp 
The sum of such products over one pair of indices is equal to 
ExpyEare = m cm 5910 yp ~ Spedyy- 
yYy “Ve 


Multiplying this relation by 6,, and taking into account that 
0,p%%g = 3, we obtain ; 
ExpyEapo = 20y9- 


In an analogous way one obtains 


Expy apy = 6 ° 


y-MATRICES 


4 x 4-matrices y are expressed in terms of 2 x 2-matrices o as 
follows: 


_ (10 _{ 0 o _{ 09 a 

i= ( 1) me = 0 ) a = 0 ) 
= ( 0 °) = (4 
¥3*\-03, 0)’ Ya \o =i) 


_; _ ( [ 
Ys = V1 V2V3V4a = jo) 
Notation in a detailed form is more cumbersome, for example, 


10 oO QO 


r= (1 y=(ot ° ° 
“—\0 -I/ \0 0-1 0 
00 0-1 


It is easy to see that the y,,-matrices possess the necessary commu- 
tation properties: 


VuVy + YY pe = 2 yd (u, v= 1, 2, 3, 4). 
Analogous relations hold for the ys-matrix: 


Vu¥s +¥s%,=9, w=l. 
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Digressing somewhat from the theme of this section, we shall 
present some relations satisfied by y-matrices which we shall use. 


SOME RELATIONS 
We shall denote the scalar product of the 4-vector A, and y,- 


A 
eo 
e 


matrices by A 
A = Ayy. = Aaya — Ary — Azy2 - A3y3 = Asya — Ay. 
From the commutation relation for y-matrices it follows that 
Vuln = 4, 
AB+ BA = 2AB, where AB= A,B, is a number; 
V,A + Ay, = 2A,,. 


From this last equality, multiplying it from the right by Ry,, 
where R is an arbitrary expression, it is easy to see that 


yA Ry, + Ay, Ry, = 2RA. 
Taking into account that y,y, = 4, we obtain 
for R=1: VAY, = —2A, 
for R=B: y,ABy, = 2BA + 2AB = 4AB, 
for R= BC: y,ABCy, = ~2CBA. 


In what follows we shall make considerable use of these relations. 


CALCULATION OF TRACES 


A fundamental quantity characterizing a matrix 1s its trace (in 
German Spur, in Russian s/ed), i.e. the sum of the diagonal matrix 
elements. It can easily be seen that for all y-matrices the trace 
equals zero, while for the unit matrix J the trace is equal to 4: 


Spy, = 0, Spy; = 0, Spl = 4. 


From the very definition of the trace it follows that the trace of 
the product of 2 matrices does not change under cyclic permutation 
of the matrices: 


SPYa, Va, 0 Va, Vx, = SPVa, os Vo, Va, Voy: 
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Using this fact and the relationy, ys = —ysy,,whereu = 1, 2, 3, 4, 
it can easily be seen that the trace equals zero if n is odd. Indeed, 


SP Va, Va, +++ Va, Ya, = SPVSY5Va,Va, ++ Va, , Vor, 
= SPpys Ya, Vo, eee Va,-~Ve,/ 5 = — Sp Ya, Va, vee Va, Va, = 0. 


If the relation y,y, + y,y, = 26,, is used, then one can derive in 
an analogous way the following reduction formula for the case 
when 7 Is even: 


SPY x, Va,Vo, ++ Va, Va, = 9x0, Pr, Va, +++ Vo, Ve, 
— 05,0, 9P Va, Va, ++ Va, Ya, Fo + (— 1)"0n., SP Va, Va, Vx, 4° 
For n = 2 and n = 4 we have 


a SPV pV» = Onys 
q SPV nV eV oVo = Onv990 + Oyo uo O09 v9 


From the definition of the matrix ys = iy; v2 3 4 it follows 
that 1 . 
4 Sp V5sVurrVoVa = — lEuvecs 


where ¢,,,, 1s a completely antisymmetric four-rank tensor: 


1, if u, », 0, o are obtained from 1234 by even permu- 
tation, 
oo = —1,if u,v, e, o are obtained from 1234 by odd permu- 
tation, 
| 0, if among yw, v, 0, o there are at least two identical 
indices. 


In what follows we shall encounter the product ¢,,,5€,,.9> In 
which the sum is to be carried out over some of the indices. 

It can easily be seen that the product of two antisymmetric 
tensors € is expressed by the determinant 


Ox Oxv Ox Oxr6 


Opt 
[xBy6Euvea = — 5 5 
Oon O5» O50 O50 
The fact that the determinant must actually have a negative sign 
is simple to verify by taking into account that €,234 €:2.34 = 


+ l, while O11 055 033 O44 = — l, because O14 = 05> = 033 =—_- — 
while 644 = +1. If this product is summed over the first index 
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(which is equivalent to its being multiplied by 6,,), then we obtain 
| Opy Opo O60 
apyd—avgs = — Ovy ve Ove 
O05» 95, 960 

- 7 O30 y9%bo _ Op .Oya08o —~ O poy %de 
+ D509 O60 + 08,9 698 + O60 ys» , 
(Here we took advantage of the fact that 6,, Ong = 4, O48 Op = Opp) 
In an analogous way one obtains the relations 


6, 0 

Expyd expos = — 2 i) 5. = 2 (0,04. ~ O05) ’ 
O50 Oa 

ExByseaByo _- — 6055: 

ExpybEapys = — 24. 


OPERATIONS *, ~, + 


We now define the operations of complex conjugation *, transpo- 
sition ~, and Hermitian conjugation (+). Complex conjugation 
of a matrix is simply that of all its elements. It can easily be seen 


that vi =, Vr = —-Y2; vt = V3, Va = Vas ve = 75- 


In transposing the matrix its rows are replaced by columns: the 
matrix is reflected about the diagonal. In this case 
Yi= Vi, Yro=V2. V3 = -¥3> Ya = Va. Vs =Ys- 
Hermitian conjugation is the result of complex conjugation and 
transposition; hence 


Yi= Vis ¥2 = V2. VS = Ya» Ya = Vas VS = Ys- 
The matrix that is the Hermitian conjugate of the product y,y, is 
(Yure)* = Ye Vp: 

CONJUGATED SPINOR 
Define the conjugated spinor a as follows: 

u= Ur yy. 


It is easy to see that, if uw represents the column 
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then # represents the row 
w= (uf, uy, —us, — Us). 

Let us find the equation that is satisfied by #. For this let us write an 
equation which is the Hermitian conjugate of the Dirac equation: 
ut(pt —m) = 0. 

Multiplying this equation from the right by y, and taking advan- 
tage of the fact that yi = 1, y.p*y, = p, we obtain 

u(p — m) = 0. 


FIVE BILINEAR COVARIANTS 
Both wand i are four-component spinors, hence, 16 bilinear com- 
binations can be made of them. The bilinear combinations can be 
grouped into five different covariant quantities: 


uu — scalar (S), 
ity,u — polar 4-vector (V), 
u0,,u — antisymmetric tensor (7) containing six different com- 
ponents; 
—1 

Ong = + (Yap _ VeVo)s 
uy,ysu — axial 4-vector (A), and 
uysu — pseudoscalar (P). 


The proof that these quantities are actually Lorentz covariants 1s 
contained in any treatise on quantum field theory, and we shall 
not present it. Bilinear covariants play an important role in the 
description of processes involving fermions. 
In what follows we shall consider how one can express, in terms 

of these covariants, the currents 

Jer = Ppp — €e — fin, 

js = pp+tnn+ AA, 

Jw = €v + fv + rip + Ap, 


responsable for electromagnetic, strong and weak interactions. 


ELECTROMAGNETIC INTERACTION 


It is well known that the electromagnetic current is a 4-vector: 
each of the three components of this current has the form 


uy U, 
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where w is the electron, muon or proton spinor. The interaction of 
this current with the electromagnetic field is of the form 


Pix 
Cle A, ) 


where e is the electric charge, while 4, is the 4-potential of the 
electromagnetic field. All experimental data concerning the electro- 
magnetic interaction are in excellent agreement with the assumption 
that the electromagnetic current has the form written above. 

For a free particle the expression w#y,u contains a normal 
(or Dirac) magnetic moment along with the charge. The anomalous 
magnetic moment of a fermion is described by the term to,,q,u, 
where g is the momentum transferred to the electromagnetic 
field. The anomalous magnetic moments of the electron and muon 
are due to virtual electromagnetic interactions and, hence, are 
small. The anomalous magnetic moments of baryons are due to 
virtual strong interactions, and their value even exceeds that of 
the normal magnetic moment. The postulate according to which 
the fundamental electromagnetic current contains only terms of 
the type w#y,u and no term of the type o,gq,u is called the 
principle of minimum electromagnetic interaction. 


STRONG INTERACTION 


For the present, little can be said about the form of the strong 
interaction. The hypothesis that, like the electromagnetic current, 
the strong current j, is also a vector of the type wy,u appears to 
be very attractive. This hypothesis is favoured by the fact that, at 
least in perturbation theory, such a current would lead to repulsion 
between the particles and to attraction between the particle and 
antiparticle, analogous to the Coulomb attraction between the 
electron and positron (see Chapter 1). 

We can only conjecture as to whether the strong interaction is a 
contact interaction (of the type j*j=) or is caused by neutral vector— 
meson exchange, similarly to electromagnetic interaction (of the 
type j7B,, where B, is the field of the strongly interacting vector 
mesons—vectons). In what follows we shall not use any special 
form of the strong interaction, but shall take into account pheno- 
menologically the effects resulting from it. 
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WEAK INTERACTION 


We have already mentioned in Chapter 1 that the initial weak 
interaction is of the form 


Taivdes 


where G is the weak interaction constant equal to (1:01 + 0-01) 
x 10-° m;?; the denominator 2 is introduced for convenience 
and (mainly) not to break with tradition. 

A weak interaction in the form of the product of two currents 
(nucleonic pn and electronic éy) was first suggested by Fermi in 
1934 for describing neutron f-decay. In analogy with the electro- 
magnetic current, Fermi assumed weak currents to be vector 
currents: éy,» and py,n. 

The experimental determination of the form of the /-decay 
interaction took more than twenty years, and led to a number of 
dramatic mistakes, searches and discoveries. Soon after Fermi’s 
study the hypothesis was put forward, and for some time considered 
to be valid, that the f-decay interaction cannot at all be described 
by a linear combination of the five scalars which represent the 
scalar products of the five bilinear covariants S, V, T, A, P (see 
above). According to this hypothesis the f-decay interaction should 
also contain the derivatives of the spinor wave functions. 

Subsequent experiments disproved this hypothesis and led to 
the erroneous conclusion that the scalar (S) variant of interaction 
and the tensor (7) were involved in f-decay. This idea was held up 
to 1958. However, several years earlier, serious changes had 
already taken place in the physics of weak interactions. 

First, weak interaction was found (1947-1955) to be responsible 
not only for the neutron f-decay but also for almost all decays of 
elementary particles. 

Second, it was discovered that the weak interaction does not 
conserve parity. Experiments done by the end of 1956, suggested 
by Lee and Yang, proved this conclusively. 

The discovery of parity non-conservation stimulated a great 
deal of interest in f-decay. A large number of new experimental 
results appeared contradicting those which had led to the conclusion 
that the S- and 7-couplings dominated the 6-decay interaction. 

Analysing all the experiments, Gell-Mann and Feynman and, 
independently, Marshak and Sudarshan, came to the conclusion 
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in the autumn of 1957 that previous experiments were probably 
incorrect and that it was the V- and A-variants of the weak inter- 
action that were responsible for the B-decay and other slow pro- 
cesses. Experiments done subsequently to check the V—A-theory of 
B-decay confirmed the validity of this conclusion. 

The universal V—A-weak interaction is written in the form 


G e oy 
Wpkanas 
\ 
where 
Iw = U.O,U, + tt,,O,U, + U,pO.Up + UA O,Up, 


Mu, 
f+ 
| 


= 1,O0,Ue + U,O,U, + pO, + UpO.Ua, 
O, = Yael + Ys) = Va — Y5¥u- 


The term y, 1s a vector (V), while the term y,y, is an axial term (A). 
Such a weak interaction is universal, because for different pairs of 
particles it has the same form (V—A) and the same constant (G). 
In the next section we shall show that this interaction does not 
conserve the space and charge parity. 


¥s-INVARIANCE 


It can easily be seen that the currents we have just considered 
are invariant with respect to the so-called y,-transformation, 
under which 

uU—> YoU, u—-> —UuYys. 


Indeed, in the electromagnetic current the terms iy,u are 
invariant, while the terms iio,;q;u, forbidden by the principle 
of minimum electromagnetic interaction, change sign under the 
y ,-transformation. 

If the requirement of y;-invariance is applied to the weak current 
jw, the expression of which was given on p. 30, and if one requires 
that j,, not contain, in an explicit form, any momenta of the par- 
ticles, then this determines uniquely the form of its terms: 


lizy,(1 + Ys) Uy. 


The factor (1 + y.) arises in this case because of the fact that in the 
current j,, as distinct from the currents j, and j., the spinors a 
and wu refer to different particles. 


2 a® 
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It is easy to see that the matrix (1 + y5) projects from the four- 


component spinor only two components. If u = (7 ; 


and y, are two-component spinors, then 


eeroe( = ( Te)=(4h 
— K2 —Hr1 THX — 

Thus, (1 + ys) u is expressed in terms of the two-component 
spinor y = ¥; + %2; the same holds for #(1 — ys). If the weak 
interaction is the sole interaction in which a given particle is 
involved—and this is apparently the case for the neutrino—and if. 
moreover, the mass of the particle equals zero, then the two- 
component spinor y completely describes the particle. In this case 
the spinor » = 7, — x2 is by no means connected with the spinor 
¥, + %2, and a relativistically invariant equation can be written 
for the two-component spinor ¢. This equation describes a longi- 
tudinally polarized particle. 

It is interesting to note that in the minimal model the gravita- 
tional interaction is also y¢-invariant (in the linear approximation). 
This can easily be seen if the energy-momentum tensor is written 
out for a system of fermion fields, whose strong, weak and electro- 
magnetic interactions are y,-Invariant. 

All of the aforesaid gives grounds for assuming that y.-invariance 
plays some sort of essential role in nature. A difficulty associated 
with the y,-transformation consists in the fact that the equation of 
motion of a free fermion possessing a mass is not y.-Invariant. 
Indeed, under the y,-transformation in the Lagrangian the term 
proportional to the mass changes sign: 


myy > —mypy. 
What does this invariance, which is violated by the masses, 
mean? There is as yet no answer to this question. 
Other symmetry properties of weak interaction will be considered 
in the next chapter. Meanwhile let us find the connection of this 
interaction with physically observable quantities. 


} where 7; 


2 


LAGRANGIAN AND AMPLITUDE 


The expressions we have written above for interactions corres- 
pond, in essence, to the classical picture of the interaction of a 
current with a field or a current with a current. This can be seen 
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particularly clearly in the example of the electromagnetic coupling. 
The current structure of the weak interaction is analogous to that 
of the electromagnetic interaction. This analogy, already mentioned 
above, becomes even more complete if the assumption is made 
that the weak four-fermion interaction in fact results from the 
intermediate vector-meson exchange (see Chapter 18). 

It is well known that in quantum field theory the “classical” 
interaction Lagrangian is replaced by a quantized Lagrangian in 
which the wave functions of the fields are replaced by the operators 
of creation and annihilation of corresponding particles and anti- 
particles. Thus, for example, to the “‘classical’’ interaction of the 
electron current with electromagnetic field 


Cti.V Ue Ax 
there corresponds the quantized Lagrangian 


CPYaPeAa, 
where wy, is the operator of electron annihilation and positron 
creation, y, 1s the operator of positron annihilation and electron 
creation, while A is the operator of photon creation and annihi- 
lation. 

Knowing the quantized Lagrangian which describes the inter- 
action of photons with electrons, one can calculate all electro- 
magnetic processes and, in particular, the amplitude for electron 
scattering by an external electromagnetic field. 

In quantum field theory every process is represented by an ampli- 
tude. The amplitude of the process contains all the data about it. 
Knowing the amplitude of the process one can calculate its proba- 
bility and dependence on the spin polarization of the particles 
involved, on their momenta, on angles between them, and so 
forth. 

One of the basic problems of the theory of elementary particles 
consists in devising methods that would allow one to calculate, 
on the basis of a few fundamental principles, the amplitudes of all 
processes involving elementary particles. 

In quantum electrodynamics there is now a clear algorithm, 
based on perturbation theory, for finding the amplitude of any 
process. The classical interaction euy,uA,, considered above, 
arises in this case as the amplitude of the electron scattering by an 
external field, calculated in the first order of perturbation theory. 
In the next order of perturbation theory this amplitude already 
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contains corrections of order «, due to virtual photons. These 
corrections have been calculated, and are in excellent agreement 
with the relevant experimental data. 

Unfortunately, the problem of finding the amplitude from a 
given Lagrangian has been solved only in quantum electrodynamics. 
For the present, we are still very far from solving this problem for 
strong interaction. However, quite a number of general require- 
ments which must be satisfied by the amplitudes of one or another 
process are well established. 

The requirement of relativistic invariance holds for all ampli- 
tudes. The amplitudes of processes involving photons must satisfy 
the requirement of gauge invariance. The amplitudes of all pro- 
cesses apparently must be invariant with respect to the transfor- 
mation of combined inversion (time reversal) while the amplitudes 
of the strong and electromagnetic processes must be invariant with 
respect to the inversion of the coordinates and charge conjugation 
separately. 

These assumptions and a number of other symmetry require- 
ments, which will be considered later on, determine the form of 
amplitudes to within unknown scalar functions (of angular and 
energy variables) or constants. 

The amplitude properties which can be established on the basis 
of invariance requirements are usually called kinematical. The 
scalar functions involved in the amplitude determine its dynamical 
properties. 

For the weak interaction, in analogy with electrodynamics, the 
classical current 


Jw = U.O,U, + U,O,U, + U,O,Up + U4O,Uy 
can be compared to the quantized current 
Jw = PeOwy + W, On, + Pn Op + Wa Ono» 


where y and yj are operators, and the expression 
G.. 
5 Iwdw 
2 


can be considered to be the quantized weak interaction Lagrangian. 
In cases where we have to do with the weak interaction of leptons, 
the amplitudes describing the corresponding processes (for example, 
muon decay) in the first order of perturbation theory agree with 
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the classical Lagrangian of the interaction of currents, as in the 
case of the electron scattering by an external electromagnetic 
field. 

In the cases where the weak interaction involves strongly inter- 
acting particles, the corresponding amplitudes will contain dynami- 
cal scalar functions, which we are as yet unable to calculate, and 
which we shall consider as phenomenological parameters. 


S- AND T-MATRICES 


Consider a set of N physical states which, as a result of interaction, 
may go Over into one another. The transition from a certain state i 
to a certain state f will be characterized by the quantity S,;. A set 
of N* quantities S,,; forms a scattering matrix, or S-matrix. If all 
interactions are switched off, then the S-matrix becomes the unit 
matrix J: each of the states goes over to itself. Hence physical 
processes take place if the 7-matrix, which is determined by the 
relation 


S=1+ iT, 
differs from zero. In what follows the quantity M,; of 
Tp, = (222)* 0* (Dp — pi) Myris 
will be called the amplitude of the process. Here p; and p, are the 
4-momenta of the initial and final state, while the d-function ex- 


presses the energy-momentum conservation Jaw in its explicit 
form: 


O* (py — Pi) = O(DF — Di) O(pF — Pi) OCP; — POEs — Ee 
For the sake of brevity, the subscripts f and 7 will be omitted 
henceforth. 
PROBABILITY AND CROSS SECTION 


The square of the absolute value of T,; determines the probability 
of transition from the initial state i to the final state /: 
Wr, = |Tyi|? = [(22)* 6*(p, — pd] [(2%)* &*(0)] | M|?. 
To calculate wy; we introduce the four-dimensional normalization 


volume VT which, of course, will not enter the final result. From 
the definition of 6* it follows that, if V > 0, T— ©, then 


(22)* 64 (0) = VT. 
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In order to obtain the probability of a transition not to just one 
state f but to a group of states, we have to multiply Wy; by an 
element of phase space ®, which has the form 


" dk,V 
d= ial (22)? ? 


l=1 


where » is the number of particles in the final state, while #, 1s 
the 3-momentum of the /th particle. 

We now have to find a correct normalization of the expression 
for the transition probability. We shall normalize the wave func- 
tions of particles in such a way that a unit volume contains 2£ 
particles, where E is the energy of the particle. It is easy to see that 
for scalar particles such a normalization corresponds to the wave 
function g = e~*. Indeed, the density of particles is in this case 
equal to 


O O@* 
i(p SP — pF) =2E. 


For fermions the density of particles is given by #y, u, while the 
condition 
iyygu=2E 


is equivalent to the condition 
U,Ug = (Pp + M)xp. 


(Note that in the two last relations summation over the spin states of 
the particle is assumed; note also that u and @ have different 
dimensions.) In order to obtain the normalized probability, 1; 
is to be divided by the quantity N: 


n Kk 
N=[[2E,V[]2E;7, 
l=1 t=1 


where k is the number of particles in the initial state. If we consider 
a decay, then A = J, while if we consider a collision between two 
particles, then k = 2. 

As a result, for the normalized transition probability per unit 
time we obtain 


Pp, D (2n)*V ty dk 
Wr py Ee Os — PIMP TT ae 
[[CEV) a 


i=] 
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For the decay probability of a & particle (k = 1) we find 

C - ma 4 
Collision between two satticles (k = 2)is “usually characterized by 
a cross section defined as follows: 


Wr; = Of, 


Where j is the flux density. In the laboratory coordinate system, 
where particle i, is at rest while the incident particle i, has the 
velocity vz, the flux density is equal to 


Ww= 


_ v2 


vy 


AS a result we obtain the cross section 


Wye (2:t)* nev | 
o= j 2m, 2E; 0;. Ei Ui, tl? | | 


dk; |e, 
aE |o(Pr — Po: 


The quantity 7 = m,E,v. = m, p, can be written in the invariant 
form 


= (pi P2)? — Pipr), 
and, finally, we have 


_ (22)* Mi dk, 4 _. 
= Foi pa)? — mama || Ll lomean, SOE (Pr — Pi): 


CHAPTER 3 


C-, P-, T- TRANSFORMATIONS 


WE Now proceed with our consideration of the symmetry properties 
of elementary particles and the interaction between them. In connec- 
tion with the discovery of parity non-conservation, great attention 
has been drawn within the past five years to the following group 
of discrete transformations: charge conjugation (C), inversion of 
coordinates (P) and time reversal (7). We shall begin our considera- 
tion of these transformations with charge conjugation. 


CHARGE CONJUGATION 


The thirty-year history of the investigation of charge conjugation 
is a brilliant illustration of the words of the well-known astro- 
physicist Schwarzschild :f 


If simple perfect laws uniquely rule the universe, should not pure thought 
be capable of uncovering this perfect set of laws without having to lean on 
the crutches of tediously assembled observations? True, the laws to be 
discovered may be perfect, but the human brain is not. Left on its own, it is 
prone to stray, as many past examples sadly prove. In fact, we have missed 
few chances to err until new data, freshly gleaned from nature, set us 
right again for the next steps. 


The concept of particles and antiparticles, and the idea that the 
Jaws of physics contain them in a symmetric way, arose from the 
struggle to clarify the meaning of the relativistic equation describing 
elementary particles and, in particular, the electron. When Dirac ob- 
tained his equation, he tried for a long time to overcome the follow- 
ing difficulty: along with negatively charged particles—electrons— 
the equation contained also positively charged particles. At one time 
Dirac assumed these positively charged particles to be protons. 
This interpretation was soon found to be unsatisfactory because 


t M. Schwarzschild, Structure and Evolution of the Stars, Princeton Uni- 
versity Press, Princeton, New Jersey, 1958, p. 1. 


40 


C-, P-, T-TRANSFORMATIONS 4} 


of the mass difference between the proton and electron. Then 
Oppenheimer suggested that these particles might be antielec- 
trons. But this assumption met a number of objections. In 1932, 
Pauli wrote in connection with the Oppenheimer suggestion: 


This explanation appears to bc unsatisfactory because the laws of nature 
in this theory are exactly symmetric with respect to electrons and antielec- 
trons. ... Thus, we do not believe that this explanation can be considered 
seriously. f 


In the same year (1932) Anderson discovered the positron! 

In time, the concept of “ particle—-antiparticle ”’ conjugation, i.e. C 
conjugation, was extended to bosons and other fermions. The 
discovery of “‘charge-mirror”’ pairs e+, w-, a*, 27, Kt, K~ and the 
discovery of antiprotons and antineutrons and anti-hyperons de- 
finitely convinced physicists that the universe is symmetric with 
respect to charge conjugation. 

Charge conjugation does not mean simply a change in the sign 
of the electric charge or magnetic moment of the particle; other 
“charge”? quantum numbers—baryonic charge, leptonic charge, 
strangeness—also change their sign. Thus, for example, the anti- 
neutron differs from the neutron not only by the sign of its magne- 
tic moment but, what is more important, by the sign of its baryonic 
charge. As a result the antineutron, as distinct from the neutron, 
may annihilate in collision with a nucleon. 

Some elementary particles, for example y, 2°, K{, K} under 
charge conjugation go over into themselves: they are their own 
antiparticles. Such particles are called absolutely neutral. 

If a particle, under charge conjugation, goes over into another 
particle, then one cannot ascribe to it definite parity with respect to 
charge conjugation. However, if under charge conjugation a 
particle goes into itself, then one can ask for the sign which the 
transformed wave function has with respect to the original function. 
It will be shown that the wave function of the photon, under 
charge conjugation, changes sign, whereas that of the m°-meson 
does not. The photon is odd under charge conjugation, while 
the 2°-meson is even under charge conjugation. The vacuum is even 
under charge conjugation. 


+ W. Pauli, Die Allgemeinen Prinzipien der Wellenmechanik, Handbuch der 
Physik, vol. 24, part I, p. 246. 
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The fact that the world around us does not contain the same 
number of antiprotons and protons, electrons and positrons, is not 
to be interpreted as saying that the laws of physics are not symmetric 
with respect to the exchange of particles and antiparticles. Appa- 
rently, particles and antiparticles are not distributed uniformly in 
the universe. In any case the vacuum, as we define it, does not 
prefer particles of a definite charge. 

The experimentally observed symmetry between particles and 
antiparticles was generally accepted and expressed as a require. 
ment of invariance with respect to charge conjugation, which can 
be formulated in the following way: 

To any possible physical process there corresponds another one 
differing from the first only by the fact that in it all particles are 
replaced by antiparticles. 

By 1956, invariance with respect to charge conjugation was 
considered as one of the firm bases of physics. At the end of 
1956, however, experiment revealed that weak interactions are 
not invariant with respect to charge conjugation. It turned out 
that w*- and w--decays differ by the sign of the asymmetry of the 
electron angular distribution. Decays of positive and negative 
pions differ by the sign of the polarization of muons produced 
in the decay. The free neutrino turned out to be polarized anti- 
parallel to its momentum, and the antineutrino parallel. Thus the 
theory of the free neutrino is not invariant under charge conjuga- 
tion. 

To understand the implications of the violation of the charge con- 
jugation invariance and, hence, the non-conservation of charge con- 
jugation parity, we have to recur to the mirror-reflection transfor- 
mation (spatial parity). 


SPACE INVERSION 


We now consider the operation of the inversion of space co- 
ordinates, and the concept of space parity P associated with it. 
It is well known that space coordinates change the sign under 
P-inversion, whereas the time coordinate remains unchanged: 


xo —-X, ft. 


Let us look at the behaviour of various physical quantities under 
Inversion. The momentum of a particle is the product of its mass 
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and velocity: 


p=mv dx 
= mu = m—_—. 
dt 
Therefore the momentum components change sign under in- 
version: 


p-— —D). 
The same reasoning gives for the energy 


Eo E. 


Analogously one can derive the behaviour of the angular momen- 
tum under inversion as follows: since M = x x p, under in- 
version 

M— M. 


The same holds for a particle’s intrinsic moment—spin o: 
g-> oO. 


The 4-potential of electromagnetic field behaves under inversion 
as the 4-momentum: 
A--—A 5 A, _ Ag. 


Thus it follows that under inversion the electric field changes sign, 
whereas the magnetic field does not: 


67> -6, KF -H. 


Vectors which, under inversion, change sign are called polar vectors, 
while those which do not are called axial or pseudo-vectors. 

Up to 1956, the invariance of physical equations with respect to 
space inversion (mirror reflection) was considered to be a funda- 
mental law. It was assumed that to any physical process there 
necessarily corresponds another one which is the mirror reflection 
of the first. A consequence of this invariance is the space parity 
conservation law. 

An analysis carried out in the middle of 1956 by Lee and Yang 
in connection with the 6—-r problem revealed that parity conser- 
vation in weak interactions was not experimentally checked, and 
new experiments carried out in the winter of 1956/57, following a 
proposal of Lee and Yang, proved irrefutably that weak inter- 
actions are not invariant with respect to mirror reflection. Thus, 
for instance, it turned out that u-mesons in pion decay as well as 
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electrons in f-decay are polarized longitudinally, and that there 
is an “up-down” asymmetry in the decay of polarized nuclei. 
All these effects can be described as spin-momentum correlations 
of the type o.p. As is clear from what we have said, this expression 
changes sign under mirror reflection. 


COMBINED iNVERSION 


In 1956, when parity conservation in weak interactions was 
questioned, Landau put forward the hypothesis that in physics 
there cannot be any interaction that 1s not invariant with respect to 
a transformation consisting of the reflection of space coordinates 
combined with the transition from particles to antiparticles. This 
combination of space inversion and charge conjugation was called 
by Landau combined inversion. The hypothesis of combined parity 
(parity with respect to combined inversion) conservation re-estab- 
lished, of course in a modified form, the left-right symmetry 
which seemed to be disproved by experiments in which space 
parity non-conservation in weak interactions was discovered. 

According to this hypothesis, although the space parity conser- 
vation law is violated, the left-right symmetry remains, provided 
particles are converted into antiparticles under mirror reflection. 
The invariance with respect to combined inversion requires that 
to every physical process there should necessarily correspond an- 
other one which is obtained from the former by mirror reflection and 
rcplacement of all particles by antiparticles. Each of these opera- 
tions individually is now physically meaningless, since it transforms 
a given physical process into one which cannot exist (for example, 
C-conjugation transforms the emission of a positron and a left- 
handed neutrino into that of an electron and a left-handed anti- 
neutrino, which does not exist in nature). 

Considering combined inversion as a generalization of charge 
conjugation, it can be said that in a transformation from particle to: 
antiparticle not only the sign of all the charge quantum numbers is. 
to be changed but also that of the helicity, 1.e. the projection of the 
spin of the particle onto its momentum. 

Still, as approximate quantum numbers, the charge parity and 
space parity play a role: they are conserved in electromagnetic and 
strong interactions. The concept of combined parity is applicable 
only to truly neutral particles or systems of particles, i.e. to parti- 
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cles or systems of particles which, under combined inversion, £0 
into themselves; for example, the x°-meson, K°-meson, K}-meson, 
positronium, etc. The combined parity of a particle is equal to the 
product of its charge parity and space parity, if these have a 
definite value. However, as distinct from space parity and charge 
parity, which are not conserved in weak interactions, combined 
parity is conserved in all known physical processes. 


TIME REVERSAL AND THE CPT-THEOREM 


By analogy with space inversion, P, we consider the operation of 
time reversal T: 
Xx—- X, [> —f., 


In this case we find that 


p> —P; EE, 
M- —M, Oo-> —a, 
A- —A, Ay Ag, 
E36, KH a> — KH, 


In the physics of elementary particles there is a fundamental 
theorem which interrelates the transformations C, P and T. This is 
the Liiders—Pault theorem, which states that in any normal physical 
theory (what is meant by the word “‘normal’’ will be explained 
beiow) there must be invariance with respect to the product of all 
three transformations. 

Theories which are not invariant with respect to C, P, T indi- 
vidually are easy to devise and, indeed, we know that the weak 
interaction is not invariant with respect to P and C. An example of 
theory which is not invariant with respect to P and 7 was considered 
by Joffe. These theories do not contradict any basic principles of 
quantum mechanics and quantum field theory. But, within the 
framework of a normal theory, the invariance with respect to the 
product of all three transformations cannot be violated. 

A normal theory is characterized, first, by Lorentz invariance 
and, second, by a correct relationship between spin and statistics. 
This means that particles with a half-integer spin obey Fermi—Dirac 
statistics, while those having integer spin obey Bose-Einstein sta- 
tistics. Moreover, the theory must not involve any infinite-order 
derivatives. The Liiders—Pauli theorem is very convenient for find- 
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ing out whether or not a certain symmetry is violated in one or 
another experiment. 

In order to find out if charge parity is conserved we should, 
strictly speaking, do the same experiments with particles and their 
antiparticles and see if various correlations are different, as would be 
the case if charge symmetry is violated. In most experiments on 
B-decay this was not done. The experiments were carried out only 
with particles. For example, in the well-known Wu experiment 
arguing from the observed asymmetry of Co®°-decay electrons 
(without the experiments on anticobalt nuclei!) it followed that 
charge parity was not conserved. 

The possibility of such an interpretation of the Wu experiment 
follows just from the CPT theorem. In the Wu experiment, the 
correlation of the nuclear spin o and the momentum p of emitted 
electrons was observed. Under P-transformation p— —p and 
co — o and, consequently, (op) changes sign, which means space 
parity non-conservation. Under 7-transformation p — —p,g—- —o 
and (ap) — (op). Thus the product (op) under P7-transformation 
changes sign and, consequently, contradicts PY-invariance. This 
means that, by virtue of the Liiders—Pauli theorem, the presence 
of such a correlation contradicts not only PJ-invariance but also 
C-invariance. 

As distinct from f-decay, u-decay gives not only indirect (through 
the CPT-theorem) but also direct evidence for charge parity non- 
conservation: electrons from 2- > w- — e~ decays and positrons 
from 2* > u* > e* decays are polarized differently. Correlations in 
the muon decay point out that space parity and charge parity are 
not conserved, but that time reversal is, and, consequently, so is the 
product of the charge parity and space parity, i.e. combined parity. 

It is easy to see that, if the combined parity is conserved, then 
the particle cannot have an electric dipole moment. Indeed, if a 
particle, for instance the neutron, had a dipole moment, then this 
moment should be directed along a, but the product o & changes sign 
under 7-transformation. Consequently, this interaction contradicts 
not only parity conservation but also combined-parity conservation. 

It should be noted that the above simple criteria turn out to be 
inadequate for treating the problem of time parity conservation in 
a certain process, if particles produced in this process are strongly 
interacting with one another. This problem is considered in detail 
on p. 163 and also later on. 
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We proceed now from a general physical consideration of C-, 
P- and J-transformations to the problem of their mathematical 
description. 


INTRINSIC PARITY OF THE FERMION? 


First of all let us see how the parity of fermions is determined. As 
is known, the fermion is described by a 4-component spinor u. Let 
us find out how this spinor is transformed under space inversion. 
Consider the Dirac equation 


(pb —m)u = 0. 
This equation can be written in the following way: 
(Ey, — py —m)u = 0. 
Under inversion of coordinates p > p’ = —p,u7 uw = Pu, and 
we get 
(Ey, + py —m) Pu=0. 

We ask the question: what form should the operator P have in 
order that the resulting equation goes over to the initial Dirac 
equation? For this the operator P should be such that 

P-\(Ey, + py — m) P = (Eyg — py — m), 
where P~! is the inverse P-matrix: 
P'P=\1. 
It can easily be seen that the necessary properties are possessed by 
the y,-matrix, for which 


va=l, yarvve = —-Y- 
Thus, P = y,, and the spinor u under space inversion goes over to 
Vu. 
Taking into account that 
_ fl 0 
74 = f _ :). 


we see that the upper and lower components of the spinor are trans- 
formed differently under inversion. Consider this result from a 
somewhat different standpoint. 


+ For the sake of brevity the term fermion here and in what follows stands 
for particles with spin $. 
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In the Dirac equation let us pass from 4 x 4-matrices and four- 
component spinors to 2 x 2-matrices and two-component spinors, 


writing u in the form u = ("): 


co m= [B( 3)~#( 6 0) ~™lo al (7 


C — mM, Pe (?) 
= = 0, 
po, —E—m] \x% 


whence 
_ Gp _ Gp 
A= Fam??? Eom* 
Performing the inversion transformation o6 > 0, p— —p, op > 
— op, we see that » and y, under the reflection of coordinates, be- 


have differently. 


P-INVERSION AND b-A-INTERACTION 


We have already seen that the weak interaction leads to correla- 
tions which violate invariance with respect to space inversion. We 
now consider how this is expressed in the weak interaction Lagran- 
gian. 

We have written the weak interaction Lagrangian in the form of 
a self-product of the weak interaction current consisting of terms 
of the type 


Hy Yo(l + 5) U2 = ty Yq. — t1YsYal2 = Vi — Ag. 
How do V, and A, behave under P-inversion? We have seen that 


the spinor u under inversion goes over to y4u. Let us find out what 
happens to a. For this we perform the Hermitian conjugation 


uv > UV, 

and multiply this relation from the right by y,. Then we obtain 
u—-> uUY.,. 

Therefore under space inversion the expression V, = it, y,u, trans- 


forms as follows: 
_ — Ves a= 4, 
Vig = Ur Yyly > U2 VaVaVai) = —V ao=1,2,3 


Such a property is possessed by the 4-vector describing, say, the 
coordinates of a certain point in four-dimensional space: under 
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space inversion its projections onto the spatial axes change sign, 
while the projection onto the time axis remains invariant. Hence 
the current V, is called the vector current. It behaves as a vector 
not only under Lorentz transformations but also under reflection. 

The expression 4, = i,y5y,U, under inversion is transformed as 
follows: 


—-A,, x= 4, 


Ay = U2Y salty > Va sVaValy = A, «=1,2.3 


Thus, under reflection A goes over to A, i.e. it is an axial vector, 
like the magnetic field. 

So, the weak current j,, is not invariant with respect to P-inver- 
sion: some of the terms consituting it change sign under P-inver- 
sion, whereas the other ones do not. Since the weak interaction 
Lagrangian has the form L,, ~ j7j,, Z, is also not invariant 
with respect to P-inversion: products of the type VV, and A? A, 
involved in L,, do not change sign under P-inversion, whereas 
products of the type VA, and Az V, do. It is the presence of these 
terms in the Lagrangian L,, that reflects parity non-conservation 
in the weak interaction. 


CHARGE CONJUGATION FOR FERMIONS 


Let us see how the spinor wis transformed under charge conjuga- 
tion. Before proceeding to formal transformations, we shall explain 
the meaning of the operation to be carried out. The Dirac equation 
has a solution corresponding to positive energies, and another one 
corresponding to negative energies. The solution corresponding to 
positive energies describes the particle, whereas the other one is 
not a physical solution, because there are no particles with negative 
energies. But we can interpret this last solution as corresponding 
to the antiparticle. 

Thus, we write the Dirac equation (p — m) u = 0 and perform 
in it the transformation p > p'’ = —p. Then, we look for such a 
transformation of the spinor uw under which w’ is expressed in 
terms of the conjugated spinor i: 


u(p) > u'(p’) = u.(— p) = Cua(p).t 


+ The mark ~ is usually not written above a, because the transposition of a 
is indicated by the very order of factors in the expression Cu. 
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As a result we obtain 
(— p — m) Cu(p) = 9. 


We now ask the question: what properties should the matrix C 
possess in order that this equation goes over into the ordinary 
Dirac equation for conjugated spinor u( fp — m) = 0? To answer 
this question, we transpose the last equation: 


(p—m)u=O0. 
It is seen that the matrix C should satisfy the condition 
C-1(—p —m)C = (p — m). 
For this it is in turn necessary that 
C1C=1, Cy,C= —-y,. 
It can easily be seen that in the representation that we have chosen 


for the y-matrices the necessary properties are possessed by the 
matrix C = y24. In this case 


C+=CV=C. 


The spinor u-(p) = Ci(— p) is called the charge conjugate of u(p), 
while the matrix C is called the charge conjugation matrix. 


CHARGE CONJUGATION AND J-A-INTERACTION 


Similar to the way that we have considered the behaviour of the 
4-vectors V, and A, under space inversion we can also consider 
the behaviour of these quantities under charge conjugation. The 
basic point is that terms of the type (é7,) (#2) will not go over into 
themselves under charge conjugation but into Hermitian conjugate 
terms of the type (4 v,)(v,e). (The Lagrangian is Hermitian and 
hence contains these terms as well.) Carrying out the transforma- 
tions we see that, although V and A are not invariant under space 
inversion and charge conjugation, the product of the two operations 
does not affect the weak interaction Lagrangian (see Chapter 5). 
The V—A-interaction was constructed just so that it is invariant with 
respect to the CP-transformation. 


PARITY OF THE ANTIFERMION 
It is known that the parity of the fermion differs from that of the 
antifermion. We may explain this in terms of C- and P-transforma- 
tions. The operator C has the form y,y4, while P has the form of 
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v4. We may perform the charge conjugation of the spinor u, and 
then the inversion of space coordinates: 


PCu = Ply2yatl) = Vayroyatt = — Youll 
Now we do this transformation in the reverse order: 
CPu = Ciyvau) = yryayall = yril. 


In the first case we performed the mirror reflection of the anti- 
particle, and in the second case that of the particle. The results 


differ by a sign. This means that the parity of the fermion differs 
from that of the antifermion. 


INTRINSIC PARITY OF THE BOSON 


We can now, within the framework of the composite model, 
get a picture of the parities of different elementary particles. We 
know that the parity of the proton differs from that of the anti- 
proton. The orbital parity of the p + p system is equal to (—1)', 
where /is the orbital momentum. Consequently, the total parity of 
this system is equal to 

P =(-1)", 


From this relation it follows, in particular, that a proton and an 
antiproton form a pseudoscalar z-meson only if they are in /So- 
State. 

Because, in strong and electromagnetic interactions, A, p and n 
do not go over into one another, and in the weak interaction parity 
is not conserved, we can choose the parities of A, p and » in an 
arbitrary way. We shall assume these parities to be P= +1. 
The K+t-meson represents the system p + A. The parity of the 
K*+-meson will be equal to + 1 if p and A are in 7 P-state, and to 
— 1 for 'S -state. It is easy to see that, as distinct from fermions, 
the parities of the boson and antiboson (for example, those of K* 
and K~) are equal. 


CHARGE PARITY OF THE BOSON 


The charge parity of a system consisting of a fermion and an anti- 
fermion is determined by the requirement that the total wave 
function of the system be antisymmetric in all the variables: charge, 
spin and coordinates. The spin function has the symmetry (— 1 
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corresponds to the antisymmetric function, and +1 to the sym- 
metric): 
(— 1)'*’, where s is the spin of the system. 


The orbital function has the symmetry 


(— 1)’, where / is the orbital momentum of the system. 


Consequently, the charge parity is equal to 
C= — (— ])i*s*2 — (— 1)'*s, 


We have already mentioned that the 2°-meson consists of a 
proton and an antiproton in the *So-state. Applying the formula 
C =(-—1)'** we find that the ~°-meson is even under charge 
conjugation. 

It is known that the photon, being a vector particle (and not an 
axial one), may go over to such states of the system proton + anti- 
proton (or electron + positron) in which / = 0 and s = 1. Hence 
the charge parity of the photon is odd. 

The fact that the photon has an odd charge parity, together 
with the fact that charge parity is conserved in strong and electro- 
magnetic interactions, leads to the impossibility of the existence, 
in strong and electromagnetic interactions, of processes in which 
an odd number of photons in the vacuum go into an even number 
of photons. Any matrix elements for such processes must be zero. 

The theorem which states that Feynman diagrams having an 
odd number of external photon lines, and no other external lines, 
are equal to zero, 1s called the Furry theorem. 


CHAPTER 4 


WEAK INTERACTION 
BETWEEN LEPTONS 


WHEN a process involves, besides leptons, also strongly interacting 
particles, the amplitude of this process is, of course, not deter- 
mined by the weak interaction Lagrangian alone. However, in a 
number of processes the weak interaction takes place in its 
pure form (muon decay, neutrino-electron scattering) or is accom- 
panied only by an electromagnetic interaction (conversion of the 
neutrino into three leptons in the Coulomb field of the nucleus: 
y+Zret+e+v4+ZorvtZout+t+u+v+ Z). The 
amplitudes of these processes can easily be obtained, and all 
characteristics can be completely calculated. 


MUON DECAY 


The Lagrangian containing the interaction which is responsible 
for muon decay wp > @ + v + Hhas the form 


_ 


2 


L [((€0.¥) FO") + (20,7) One), 


where 
O,, = v1 + Vs). 


The first term of this expression is responsible for the u--decay 
while the second is responsible for *-decay. In order to obtain the. 
amplitude of y--decay it is sufficient to replace the operators 
é, v, #, w, in the first term by the spinor wave functions of the 
corresponding particles. In this case we obtain 


G ,_ _ 
M= Tp (it, OnUy,) (Uy, Patty) 
where & = uty,, while u,, u,,u,, and u,, are the wave functions 
of the electron, muon, neutrino and antineutrino, respectively. 
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FIERZ RELATION 
(i, O,. uy) (ii, 0, Ug) 

possesses a remarkable property: it is antisymmetric under the 
exchanges a > c or b — d. Let us See first that under such exchanges 
this expression preserves its structure (V—A). Indeed, it is a scalar, 
invariant with respect to the y,-transformation of any of the four 
constituent spinors. This property should be preserved after the 
exchange. But the sole operator which is not changed in multi- 
plying from the right by y, and from the left by — y, 1s the operator 
O, = ¥(1 + ys). Taking into account that after double exchange 
we have to return to the initial expression, we have two possibilities: 


(Ug 0. Up) (ui, 0, Ua) =r (Ug 0. Ua) (u, 0, Uy) . 


We now show by a direct calculation that under exchange the minus 
sign arises. 
Write (1 + y5) u and u(1 — y;) 1n the form 


deroe=( P= (og al (og) 


where » = %1 — Y2; 


The expression 


- 1 1 ; 
u(l—ys)= GF; - , = (yi — xB, x¥ — xe) = (©, ¢*), 
where y* = y* — y*. Then we have 
(ii, O. Up) (ii, O, Ug) 

= f[u,(1 — ys) va(1 + ys) ue] [te — vs) ve(l + vs) ual 


= 7 lt, va) ( _ 4 (Py ot ¥) ( _1) (_ im) 


5 | (oO) (_p) lo (2 (7) 
= (GF Pr) (PF Pa) — (PF OF o) (GFE CHa). 


Introducing the symbols g, = (2) and so on, we may write this 
last expression in the form 2 
(afb, + afb) (cfd, + cfd) — (afbz + afb,) (c¥d, + c¥d;) 

+ (afb. — atb,) (cf d2 — c¥d,) — (afb, — afbz) (cfd, — c¥d) 
= Zarb, cfd, + 2a*b,c¥d, — 2a*¥b,c¥d, — 2a*b,c¥d, 
= 2afcy (bid, — b2d,) + 2axcf(b2d, — b, dz) 
= 2(aycy — azcy) (b,d, — b2d,). 
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It is obvious that this expression changes the sign under the ex- 
changesaocorbed. 


If we had anticommutating operators yw instead of the spinors w, 
then we would obtain 


(Pa Ons) (iP, Oa) = + (Pa 0. Ya) (Pe O.W ») ° 
The relation we have just considered is a particular case of more 


general relations established by Fierz for an arbitrary local four- 
fermion interaction. 


EXPRESSION FOR THE PROBABILITY 


Making use of the Fierz relation, the decay amplitude can be 
written in the form 


M= — F(A. Oxt, (i, Oty )- 
The decay probability, expressed by means of the amplitude MM, 
has the form (see Chapter 2) 
|M|? dk dq, dq, 
2E, (2n)P2E (22)?2@, (27)°2a, 
x O*(k + 4s + G2 — P)s 


dW = (2z)* 


where 


k = (E, k) is the 4-momentum of the electron, 

Gg, = (@,, q,) is the 4+momentum of the antineutrino, 
G2 = (@2, G2) is the 4momentum of the neutrino, 

p = (£,, p) is the 4+momentum of the muon. 


The four-dimensional delta-function 
O*(k + qi + G2 — p) =d0(E +0, +@2 - E,,) 0(k + qi + 2 — P) 


means that the total energy and each of the total momentum 
components are conserved. 


APPROXIMATE ESTIMATE 
OF THE DECAY PROBABILITY 


Before carrying out an accurate calculation let us estimate the 
muon decay probability. The formula for the decay rate involves 
the amplitude M. By virtue of the normalization of spinor that we 
chose, M is a dimensionless quantity. But the amplitude is propor- 
tional to the interaction constant G which possesses dimensions 


3 EP 
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(G = 10-5/m?, where m is the mass of the nucleon), hence the 
numerator ofthe amplitude must be proportional to the square of a 
certain mass. 

The mass that is characteristic for the muon decay is just the 
mass of the muon. Hence it can be assumed that the amplitude in 
the first approximation has the form Gu?. We substitute this into 
the formula for the decay rate and calculate it in the system in 
which the muon 1s at rest: 


G*u* dk dq, dq, O92 54 


k _ p). 
= O)dn DE Qo, Do, KT at e-P) 


Now we can concentrate on the calculation of phase space. 


INTEGRATION OVER THE PHASE SPACE 


We first calculate the integral over phase space of two neutrinos: 


[2 “42 —06*(q, + d2— 4), where q=p-—k. 


WM, Wy, 
d 
This integral is a dimensionless quantity ( Pa = [m7], [6*(q)] 
] oe 
= =|). We shall now see that it is simply a number. How to 
m 
calculate it? We write the four-dimensional delta-function as 
follows: 
O*(q1 + q2 — Q) = O(@, + @, — w)O(G, + G2 — 4). 
Now the integral with respect to g, can be done: 


{6(@. + 42 — 9 dqo = 1. 


As a result we get the expression: 


{ 0(@, + @, — «o) 29 
mor 
This integral is conveniently calculated in a system in which the 
momenta g, and q» are in opposite directions and have the same 
absolute value, 1.e. in the centre-of-mass system of two neutrinos. 
Since the energy of the neutrino is equal to its momentum, in the 
6-function we can replace w, + w, by 2a,. 
If we take into account that 


dq, = gjdq, dy dcos0 = wi dw, dy dcos8, 
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then further integration with respect to dq, is carried out trivially: 


2 
foe, — «) = [et 520, — w) = 2x. 
1 


W,W2 


As a result we obtain for the differential probability the ex- 
pression: 
G*u* = dk 


dW = Qn)*24#u EF 


Now we integrate with respect to the electron momentum. 
The energy released in the muon decay is considerably larger than 
the electron mass. Therefore we shall disregard the mass of the 
electron in comparison with its energy and assume that, for the 
electron, the momentum is equal to the energy. Then we can 
write: 

[dk = { E?>dEdpdcos0 = 4x { E? dE. 
We obtain 

W = Geut 4nk* dE _ G* u* [ede. 

(Q2)*u  24.E 6477 u 

The integral with respect to E is taken from zero to the maximum 
energy, which in this decay is equal to 4/2. Indeed, the electron will 
have the maximum energy when its direction is opposite to that 
of the two neutrinos. 

This integral is equal to 


J EGE = YE ban = Ue. 


Thus, for the total probability we obtain 


The result of this approximate calculation differs little from that 
of an accurate one: we will see that instead of 2? = 512 in the 
denominator we will find 192. Since G*u* is a dimensionless 
quantity, the probability has the dimensions of mass. Thus, we. 
obtain the correct dimensionality 


[m2] = — , 


From the dimensionality it can be seen that the probability of a 
decay of any fermion into three other fermions must always be 


3* 
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proportional to the fifth power of the energy released in the decay. 
This property is due to the fact that the interaction constant has 
the dimensions [G?] = [1/m*]. 

The lifetime 7 of the u-meson is inversely proportional to the 


decay rate: 
J 192x° 


Tre--=>_- Fr 


W G? us ° 
This expression is conveniently rewritten in the form 
19223 (= ) ] 


10-2°\ uw} MM’ 


T= 


We express this in seconds: 


] 2 x 10-4 cm 
— | iS ———____—__— & 10-7° . 
7 Om seconds 1s 3x 10' om/sec 7 x 10-*° sec 
The nucleon meson mass ratio M/u 1s equal to ~ 9. Hence we 
obtain 
té 19223 x 9° x 7 x 10-75 


~ TEES ~ 2 x 10-° sec. 


We now carry out an accurate calculation of the decay probabi- 
lity with the amplitude 


M= G 


2 


For clarity, we divide the calculation into several stages. 


(i, 0, u,) (i, OU) ° 


EXPRESSION FOR [M[? 


Since ||? = MM*, we must first find an expression for M*. 
M represents the product of two parentheses, each of which has 
the form 

(0O,u), Where O, =y,(1 + ys). 
To find (©O,u)* note that 
(6O,u)* = (vtygO,u)* = [vf (ys On) inn ]* 
= UE (Y,O Dei = UE(YeO Dei = UF (OxVaidi = UOXL, 
where O, = V4 O; Va. 
If O, = y.Cl + ys), then 


O, = VsOry, = yall + Ys) vive = (1 - Ys)¥a=Y¥.l + ys) = Oj. 
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It is now easy to find M*: 
M* = 75 © a, Opu,)* (uz Ogu,)* = Ti (ii, Opt) (tt; Ogu). 
Consequently, 


5 Ge _ _ G? 
| M|° — 27 (u.O,u,) (i O,.U;) (ii, On ue) (uy Ogu) — 2 A xp Byp 
where 
A np = (uO ra u,,) (i, Ogue)s Bap — (il, O..u1) (ay Ogua). 


PROJECTION OPERATORS As AND A 


We can express the product of spinor matrices of the type ui 
in the expressions A,, and B,, by means of the momentum and 
polarization vector of the particle. It is easy to see that for a fermion 
with a given polarization 


uu = A= 4(6 + wl — 5), 


A 


Where Pp = y,P., § = y,5,, and 


¢ 1S a unit vector in the direction of the polarization of the particle 
in the coordinate system in which the particle is at rest. 

Ss, is the relativistic generalization of the vector §. It can easily be 
seen that the vector s, possesses the following properties: s* = — 1 
and sp = 0. We shall show that for a polarized particle A’ = uit. 
For this purpose, consider the case when a particle at rest is polar- 
ized in the direction of the z-axis, 1.e. when ¢, = €,=0, €, = 1. 
Then 

AS = 3(p + pw) (1 — ¥55) = FHC + 4) + ¥sys) 


4°20 )(?0,)=29(' 09) 


which is the same as the expression for the matrix uu, obtained in 
the system in which the particle is at rest. But A’ is covariant, and, 
if two covariant quantities are equal in any coordinate system they 
are identical. Consequently, wi can indeed be replaced by 1”. 
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If we are not interested in the polarization of the particle, then a 
summation should be carried out over it, i.e. it is necessary to take 
the sum 


AS + A-s 


1p +w(1 —ys8) +4G4+ HC + ¥s5) 
=(p+mwM=A. 


REDUCTION TO TRACES 


We shall calculate ||? for the case when a polarized muon 
decays and the polarization of the electron and neutrinos is not 
measured. For this we return to the expressions A,, and B,,. 
Consider 

Bog = (iz O,U,) (1 Ogu) = ti2m(On)mnU ins, (Og)rUar- 
After we have written the indices of all the matrices, the order of 
the terms can be changed at will, because the indices will determine 


the correct order of the terms when we multiply. Therefore B,, 
can be rewritten in the form 


Bug = Uz 1UH2m(Og)mnUs nUir (Ogres 
= Agim(On)mn Aim (Og) ct = (A, 0,4, Ops)11 ° 


The quantity we obtained is the sum of the diagonal elements of the 
matrix A,0, A, O,. This quantity is called the trace and is denoted 
by the symbol Sp (see p. 27). 

One can present A,, in an analogous way, taking into account 
for the muon that the operator A’ is involved, because we are 
interested in a polarized u-meson. As a result we obtain 


G? 
[| M|? = > Sp(4,0,47,03) Sp(A, 0,4; Oz). 


CALCULATION OF TRACES 


"Let us begin with the calculation of the simpler neutrino trace. 
The operator A for the neutrino is of the form g, because the neu- 
trino mass equals zero. For B,s we obtain Bs = Sp G,0,41 03, 
which can be rewritten in the form 


Byg = J2041o Sp Vp OaVo Oz. 
Substituting for the operators O, and O, their explicit expressions 
O, =y,01 + 5) and Og = y,(1 + ys), we obtain 


Bug = 929 91e SP VeVall + Vs) Yovg(l + ys). 
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If one makes use of the property y,y5 = —¥sVY,, Where uw = 
1, 2, 3, 4, and also takes into account that (1 + ys)? = 2(1 + ys), 
then the expression for B,, can be presented in the form 

Bop = 2429416 SP VoVaVa¥a(l + Ys). 


Chapter 2 (p. 27) gives formulae for the calculation of traces. 
Applying them we obtain 


Bap = 8 Fro ViaXoaxp> 
where 
XooaB = ox Oa8 + Oog Oo. ~~ OocOap +1 [pons . 


The expression for A,, is calculated in an analogous way. Dis- 
regarding the electron mass, we get 


A,g = SpA,0,A!,0; = 4Spky,(1 + ys) (6 + ») (1 — ys8) x 
xX yg(1 + ys) = Spky,(p — wysS) ve(1 + ys) 
— 4k (Py ~ [LS,) XuryxB° 


For the absolute square of the amplitude we obtain 
G2 
| M|? = a Asp Bap = 16G* doo9iok (Py ~ Sy) KooxpX pvxB 
Calculate now the product 7 6ap%y03! 
K ooxp X uvxB — (0,398 + 0089 a0 _ OocO ap +1 Enpaa x 
X [B,.008 + O52 — OuvOap + leap] = 400%: 


In finding this result we took advantage of the fact that 


Oux909 = Ones 
Oxp0 xp = 4, 
CoaxBE pvxB = 2. (6 pve _ 6 1cOv9) . 


Thus, we finally have 
| M|? = 64G7(kq2) (pai — “Sq1). 


INTEGRATION WITH RESPECT 
TO NEUTRINO MOMENTA 


If it were possible to measure neutrino momenta, then the 
expression that we obtained could be compared with experiment. 
However, neutrino momenta cannot be measured, hence we have 


a 
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to integrate over these momenta. The corresponding decay rate 


is equal to 
(22)* 64G7k, (pp —_— [Sg) dk 


aw = 16, (27) E 


Lp 5 
where 


dq,d 
Lp = | ae.tp oe oa + G2 — 4), q=ap-—k. 


2 


The integral J,,, having the dimensions of the square of momentum, 
must be expressed by a certain tensor depending only on q. The 
most general form of this tensor is 


Tg = Aq? Ong + Bay Qs; 
where A and B are dimensionless scalar coefficients. In order to 


find A and B, multiply the preceding equation first by 6,3 and then 
by 4.gg. We obtain 


T,p0xg = %qG? = 4Aq? + Bq’, 
mu q* 
OPT = 2 = Aq* + Bq*. 


We used the fact that gq = g, + 42, 91 = q2 = 0, and made use of 
the result obtained in the beginning of this chapter: 


[2X2 oa, + 92 — q) = 20. 
Solving the system of equations 
4A+ B=n, 
4A4+ 4B = 22, 


we obtain A = 2/6, B = 2/3, whence 


re 
lg = & (1 Oa + 24.9). 


The expression for the decay probability, integrated with respect 
to neutrino momenta, is obtained in the form 


aw -—o ke ¢ 6.6 + 24495) 
= 3(22)* 1 o\Pg [L5z) (q Onp + Jap) E” 
G*EdEdcos0,. , 
dw = —3Oan ila ke + 2kqpq\ — wlq?sk + 2kaqqs}}. 


As before, we disregard the mass of the electron in comparison with 
its energy. 
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SPECTRUM OF DECAY ELECTRONS 


We calculate first the part of the probability that does not 
depend on the spin. Taking into account the relation g = p — k, 
and assuming the muon to be at rest, we obtain 


q? =(p —k)y =p? - 2wE, 


kq=kp =v, 
qPp = pe? ~ BE, 
whence upon integration with respect to the angle 6 it follows that 
2 G2 G* u° 
dW = ———— [3u? —4uE)uE* dE = _ 2 
3(Qay a [3u BE) UE? dE 06q3 (3 — 2) e7 de. 


E 
Here ¢ = rp) is the ratio of the energy F of the electron to its 


maximum possible energy u/2, where wu is the muon mass. In the 
case of a general four-fermion interaction, the electron spectrum in 
the muon decay is characterized by the Michel parameter o: 


Wie) de = = C —é)— “03 — 4e)| e* dé. 


It is easy to see that the spectrum we obtained corresponds to 
o = 0-75. Integrating dW with respect to « from 0 to 1, we obtain 
for the total muon decay rate 

1 G? u* 


tT v= 19223 


ASYMMETRY AND POLARIZATION OF ELECTRONS 


We calculate now the asymmetry of electrons in the polarized- 
muon decay. Taking into account that (sp) = 0 (this follows from 
the definition of s), we obtain 


ulskq? + 2sqqk} = psk[y? — 4uE} 
= —nku(—4uE + vw”) = nnwEQuE — pw’), 
where 7) is the unit vector in the direction of polarization of the 


muon in the system in which the muon is at rest. For the decay 
probability we obtain 


G? u? 


aW = 9553 


(3 — 2c) + nnd — 28)] e* dedcos6, 
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where 0 is the angle between the muon spin and the vector n in 
the direction of the electron momentum; n = k/E, cosO = nn. 

The formulae obtained refer to the case when the electron 
polarization is not measured. If we were interested in the depen- 
dence of the decay rate on the direction of the electron spin, we 
should in the expression for A,, substitute 1, by 42, where 

sae pay OE 
m m(E + m) 

Here m, E, k are the mass, energy and momentum of the electron, 
while ¢ is the unit polarization vector in the system in which the 
electron is at rest. Carrying out the calculations in a straight- 
forward way and disregarding in the final result terms of the order 
of m/E in comparison with unity, we obtain for the u--decay 


dW_~ (1 — 6n) [3 — 2e + nal — 28)], 


where nis the unit vector in the direction of the electron momentum, 
¢ is the unit vector in the direction of the electron polarization, 
and 7 is the unit vector in the direction of the “~-meson polari- 
zation. 

We see that the electron must be totally polarized longitudinally 
in the direction opposite to that of its motion. Carrying out ana- 
logous calculations for the u*-decay, we would obtain 


dw, ~ (1 + €n) [3 — 2e — (na) (1 — 2e)]. 


From this formula it follows that the positron must be polarized 
along the direction of its motion. This result is common for the 
V—A-interaction. It is constructed in such a way that atv~c 
particles should have left-handed polarization, whereas antiparti- 
cles should have right-handed polarization. For the neutrino v = c, 
and the weak V—A-interaction is, apparently, the only one in which 
they take part. Consequently the neutrino and antineutrino are 
polarized longitudinally: neutrinos (like the electron) have the 
left-handed polarization, whereas antineutrinos (like the positron) 
have the right-handed polarization. 

Knowing this, it is easy to understand the angular distributions 
obtained. Consider, for example, the polarized w*-meson decay. 
When é ~ I the neutrino and antineutrino go off in the same 
direction, their total spin being equal to zero. Hence the spin of the 
positron must be directed along the spin of the muon and, because 
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the directions of the positron momentum and spin are the same, 
also the positron momentum must be directed along the muon 
spin: 

W~ 1+ nn. 


When e ~ OQ the neutrinos go in opposite directions. Their total 
spin is equal to unity. In order to carry away the muon momentum, 
the antineutrino must travel along the muon spin direction, whereas 
the neutrino and positron must go in the opposite direction: 


Wnw~3—-— nn. 


For the u~-meson an analogous reasoning holds. 
Experimental data on the muon decay are in a good agreement 
with these consequences of the V—A-theory. 


NEUTRINO-ELECTRON SCATTERING 


One of the fundamental consequences the of weak interaction 
theory we have considered is the prediction that there must exist. 
neutrino-electron scattering. The amplitude for neutrino-electron 
scattering is of the form 


G 
/2 
where uw, and u, are the wave functions of the electron and neutrino 
respectively, and 


Me — (ii. O, Uy) (ii, O, Ue) ? 


O, = Y,(1 + ys). 


By virtue of the Fierz relation (see p. 54) uw, and wu, can be exchanged, 


and we obtain 
G 


ae 


The amplitude of the scattering of the antineutrino 7# by the electron 
e is obtained by replacing the neutrino bracket by its charge- 
conjugate (see p. 75): 


Me = (ite 0, Ue) (i, Oz ul,) . 


G _ 
Ma. = - ya O,Ue) liy.0 — V5) us|. 
Knowing the amplitudes of the neutrino and antineutrino 
scattering by the electron, it is easy to calculate cross sections for 
these two processes. In accordance with the results obtained on 


3 a® 
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p. 39, the scattering cross section is expressed in terms of the ampli- 
tude M in the following way: 


do = (27t)*|_M |? dq2 aps 
7 4(piq) (27)? 2w2 (22)°2E, 


where p, and pz are the electron 4-momenta before and after the 
collision, while g, and g, are the neutrino four-momenta before 
and after the collision. 

After carrying out a simple calculation, we obtain for the total 
cross sections for ve and ve scattering the following formulae: 


6*(pi + 91 — P2 — Q2)s 


w= lI TE Tay 


where 069 = 2G? m?/x = 8:3 x 10-*° cm?, while w is the neutrino 
energy in units of the electron mass. 

These results (of course, to within coefficients) are easy to obtain 
without any calculations, simply on the basis of the dimensionality. 
Asa matter of fact, we know that the cross section must be propor- 
tional to the square of the weak interaction constant G, which has 
the dimensions of [1/m7?]? while, on the other hand, the dimensions 
of a cross section are [o] = [1/m?]. Consequently, G? must be 
multiplied by the square of the energy characteristic for the 
ye-scattering. Such a characteristic energy is the total energy of the 
system E = FE, + £, in the centre-of-mass system. Thus, the cross 
section must have the form 


ao~ G*E?. 
The total energy of the system can be written in the form 
EY = (pi + qi) =m + 2pigi + GX 2411 = 2mME, = 2m? w 


(assuming E > m) and, hence, the cross section will be proportional 
to the neutrino energy in the laboratory coordinate system: 


o~ G*E* ~ G*ni*o. 


Thus, already from the dimensions we see that the cross section 
must be proportional to the square of the total energy in the centre- 
of-mass system and to the first power of the neutrino energy in the 
laboratory coordinate system. 
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Measurement of the scattering of the neutrino (and antineutrino) 
on the electron is a problem of paramount importance. The accuracy 
of the experiments already carried out allows one to conclude that 
experimentally this cross section is less than 4 x 10-** cm? for 
neutrinos’ produced in neutron piles. 


MUON-PAIR PRODUCTION IN THE NEUTRINO BEAM 


The interaction of the muon current with itself must lead to the 
process of neutrino-muon scattering analogous to ve-scattering. 
Direct observation of this process is, in practice, impossible. 
Another process, the transformation of the neutrino into wt + po 
and 1’, 

yorvtpu+tye, 


resulting from the same interaction, is more accessible to observa- 
tion. In vacuum this process 1s forbidden by the energy-momentum 
conservation law. However, in the Coulomb field of nuclei it is 
allowed: 

yt Zovtur tpt Z. 


Estimates show that the detection of this process is at the limit of 
present experimental possibilities. 
It is obviously important to detect the other, analogous, reac- 
tions: 
y+Zorvptett+e +2Z, 
yt+Zr>v+e7 +p t+ Z, 


ytZZovtder+ut Z. 


CHAPTER 5 


LEPTONIC DECAYS OF STRONGLY 
INTERACTING PARTICLES. 
GENERAL PROPERTIES 
OF THE AMPLITUDES 


PROBLEM OF STRONG INTERACTIONS 


In the weak interactions that we have considered so far, no 
strongly interacting particles have taken part. If we wish to con- 
sider, for instance, the decay of the m*-meson into a muon and a 
neutrino, then we can no longer avoid strong interactions. In the 
language of ordinary field theory it can be said that the decay of 
the z*-meson into the muon and neutrino proceeds in two stages: 
first the x*-meson turns into a proton and an antineutron, and then 
these particles annihilate, giving w+ and v. Graphically this process 
has the form shown in Fig. 6. In terms of the Sakata model the 


Fic.6 


proton and antineutron constituting the z+t-meson go over to 
“+ ». But, one way or another, we have to do here with strong 
interactions. 

Within the framework of the composite model one knows no 
method of calculating processes involving strongly interacting 
particles, hence not much use can be derived from the Sakata 
model in estimating one or another matrix element. But likewise, 
within the framework of ordinary field theory we cannot really 
calculate the transformation of x-mesons into nucleons and anti- 
nucleons. The lack of a theory of strong interactions thus deprives 
us of the possibility of calculating directly the z+ > w+ + » decay. 
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We encounter the same difficulty in considering the decay of the 
neutron into the proton, electron and neutrino. Because the neu- 
tron and proton are strongly interacting particles this process is 
**deformed”’ by the strong interaction. In the course of the decay 
the neutron and proton exchange z-mesons or, in terms of the 
composite model, nucleon—antinucleon pairs. This leads to a 
change in the initial value of the matrix element of the decay of 
‘bare’? nucleons, and we cannot calculate this change for lack of a 
theory of strong interactions. 

These remarks on the decay of the z-meson and neutron refer 
completely to all leptonic decays of strongly interacting particles. 

Therefore we shall try to find some indirect way of estimating the 
amplitude for such a process on the basis of the various sym- 
metry properties possessed by weak and strong interactions. 


GENERAL FORM OF THE AMPLITUDE 


The interaction leading to leptonic decays of strongly interacting 
particles is represented as the product of the baryonic current /,, 
and leptonic current j;,: 

Ly = Ssxdia + Iso Sia 
Here j,, = év.(1 +5) ¥ or fy,(l + ys)» according to whether 
the electron decay or muon decay is considered, while /,, = 
niy,(1 + y5)p or Ay,(1 + ys) p, according to whether or not the 
strangeness of strongly interacting particles is conserved in this 
decay. (The index / stands for leptons, while s stands for strongly 
interacting particles.) 

We have to take account of the interaction between leptons and 
strongly interacting particles only in the first order of perturbation 
theory, hence the amplitude M can be written in the form of a 
product: G 

M= axa 
each term of which represens a 4-vector. The quantity /, has the 
form iy,(1 + y5) u,, Where wu, and u, are the spinor wave functions 
of the electron (or muon) and neutrino. The quantity X,,, which we 
shall call the matrix element, represents the “‘bare’’ baryonic 
current j*, “dressed” by virtual strong interactions: 


Xx = fis 1D. 
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Here |i> and <f| denote respectively the initial and final state 
of the strongly interacting particles (for S-decay, for example, 
|i> = Jn), while <f| = <p]). In the expression for X,, although 
weak interactions are taken into account only in perturbation 
theory, the contribution of virtual strong interactions is taken 
completely into account. Since the current j7, consists of a vector 
part and an axial part, then 


Y¥,=A,+ Vy. 


Because in strong interactions the parity is conserved, the axial 
part of the matrix element A, 1s generated by the pseudovector 
part of the current /7,, while V, is generated by the vector part 
of j;,. We cannot calculate the value of A, and V,, but we know 
some of their properties. The essential property of A, and V, is 
that they may depend only on the sum of the momenta of the 
leptons, but not on each momentum separately. This is due 
to the fact that leptons (e + » or uw + ¥) are emitted from a single 
point, and simplifies substantially the determination of the form 
of V, and A,. 


THREE TYPES OF MATRIX ELEMENTS 


The number of different forms of leptonic decays of strongly 
interacting particles is not large. In essence, we shall have to deal 
with three basic types of processes: 


FIG. 7 Fic. 8 


1. Decay of a meson into leptons (Fig. 7), for example, 
at + Lt (et) + Y, 
K* > p*(e*) + ». 


Here +» denotes emission of neutrino, while — v denotes that of 
antineutrino. 
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2. Decay of a meson into another meson and leptons (Fig. 8): 
trom+tety, 
Koatet+y, 
Koatuty. 

3. Decay of a baryon into another baryon and leptons (Fig. 9): 


neutron f-decay n > p + e~ + ¥, w-meson capture by the proton 


(uu +p—>n+-y), leptonic decays of hyperons, for instance 
A>~>pte- +. 


gs 
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The fine lines of the drawings represent leptons, the wavy lines 
represent mesons, and the solid lines represent baryons. The circle 
represents the whole set of virtual strong interactions. 


DECAYS OF THE FIRST TYPE 


Consider a diagram of the first type. For constructing the 4-vector 
X,, we have at our disposal the scalar (pseudoscalar) m—the wave 
function of the meson undergoing decay—and the meson 4-mo- 
mentum k, equal to the sum of the momenta of the leptons: 
k = k, + k, (the index / denotes e or yw). We have no choice but 
to write that in this case 

Xx = SPKy- 

If the meson undergoing decay is a scalar meson (i.e. @ is scalar), 
then XY, = V,, A, = 0, and if the meson is a pseudoscalar meson 
(i.e. m is pseudoscalar), then Y, = A,, V, = 0. The quantity fin 
the expression for X, is a number whose value we do not know. 
(In general, fis a function of k?, but in this case k? = yw, where pz Is 
the mass of the meson.) One might say that, because of the pre- 
sence of the unknown coefficient in the matrix element, we have 
not achieved much; but this is not so. As an illustration of what we 
get by knowing the matrix element, up to an unknown factor, 
consider the decays 


touty and ra>e+». 
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The amplitudes of these processes are of the form 


M = fok,iyy,(1 + ys) uy = femk(L + ys) % 
= frit, (k; + k,) (1 + V5) Uy» 


where k, is the 4-momentum of the electron or muon. Making 
use of the Dirac equation for / and v 


ik — nm, Uy, kyu, — 0, 
it is easy to obtain 
M = fm,yi,(1 + ys) Wy. 


Therefore it turns out that the matrix element is proportional! to the 
mass of the lepton, and, since the mass ofthe electron is 200 times 
less than that of the muon, the 2 — e + v decay must be less 
frequent by four orders in comparison with the 7 > uw + v decay. 
The same holds also for the decays K >e + vand K> yp + ». 


DECAYS OF THE SECOND TYPE 


In the case when a meson decays into leptons, everything is quite 
simple. The case when a meson decays into another meson and 
leptons is not much more complicated. In this case, for construc- 
ting the matrix element, we have the wave functions and 4-momenta 
of the meson undergoing decay (,, k,) and those of the meson 
produced (yz, k2). From these quantities we can construct YX,. 
The most general form of YX, is 


X= 9391 fiki« + fokrx)s 


where f, and /, are scalar functions which we do not know and 
which, in general, are distinct. If the parities of the mesons 1 
and 2 are the same, then YX, = V,, A, = 0. If the parities are 
different, then Y, = A,, V,.= 0. On what do the scalar functions 
f, and f, depend? Only on scalar quantities. Since only the sum of 
the momenta of the leptons (k) enters the matrix element, from the 
energy-momentum conservation law (k, = k + k,) it follows that 
there are two independent 4-momenta. We shall choose k, and k, 
to be the independent 4-momenta. From these 4-vectors the follow- 
ing scalars can be constructed: kj, k3, (k, k.); however, k? = m7, 
k3 = mz and so the only scalar variable is (kK, k). Sometimes in- 
stead of (k, k2) it is more convenient to consider k? = (k, — k,)’, 
i.c. the square of the 4-momentum transferred to the leptons. Thus, 
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the quantities f, and /, are functions of k?. (Note that in the system 
in which the meson undergoing decay is at rest, (k, kK.) = m,E), 
where E, is the total energy of the meson produced.) 


DECAYS OF THE THIRD TYPE 


Consider, finally, the matrix elements describing baryon decay. 
In this case, in addition to the 4-momenta k, and k, of the initial 
and final baryon there are also other vectors which can be con- 
structed of the baryon spinors u, and # by means of y-matrices. 

We construct V, for the case when the parities of the decaying 
and produced baryon are the same. In this case V, is a linear 
combination of terms of the type w#,v,u,, where v, is to be 
formed from Kiss Kans Yas Yak, Yoko, Kiva kava kiyvake, 
kay.ky and so on, while #, and w, are the spinor wave functions 
of the two baryons. 

The number of different terms of the type #7, v,u, can be reduced 
substantially by means of the Dirac equation. For example, 

fio Yak uy = My, U2V_Uy 2 
iin ka Yyly = MgiyaUr; 
iinkyy.u, = iin (— yak, + 2k1.) U4 
= — IN, U2Y,U, + 2itgk,,U,, ete. 
Proceeding in the same way, we arrive at an expression with only 
three terms: 
Vi, = tia(hyy, + hoki, + Mako.) U1. 


We could retain the expression in this form, but it is somewhat 
inconvenient, because it depends in particular on the momenta of 
the initial and final baryon. The expression is more conveniently 
presented in a form where there is dependence only on the momen- 
tum transferred to the leptons. This is easy to do by taking advan- 
tage of the fact that 


Qhig = Voki + kiye, 2k = Yaks + kava 
2ongkg =Vak — kya, 204g = Ya¥p — Vea: 
Then we obtain 
Vi, = tin hive + foOxp Kp + fak.) U1, 


where k = k, — k, is the 44momentum transferred to the leptons. 
The quantities fare functions of k’. 
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The axial part of the matrix element Y, 1s equal to 
A, = ta [81V2 + S2%agkg + O3ka) ysis. 
The functions g also depend only on k?. If the parities of the 
initial and final baryons were different, the expressions for A, 
and V, would change places. Thus, it turns out that the matrix 
element X, contains, in general, six unknown complex functions f 


and g. 
REALITY OF THE FUNCTIONS f AND g 


We shall now show that by virtue of the CP-invariance of the 
theory the functions fand g must be real. To prove this statement 
we have to consider how the expressions contained in V, and A, 
transform under the P C-transformation and Hermitian conjugation. 


Under space inversion P, as we know, 
U> Yau, totiva, ky okgaky, kok = —k. 
Hence UU > UYzyY4u = UU, 


UYsuU—> UVY4YsYall = —Uysu, 
_ _ | Uv, ul, “x= 4, 
HV,~U> UV4V,V4l = 

v Mata | —uy,u, a + 4, 
—UyY,ysu, a= 4, 

UVyY5t, a + 4, 

HO,gt, oo, B + 4, 

; [ct aeas 
_— UG ag ul, 

a= 4, fp +4. 

Making use of these relations we find that under P-inversion the 
expressions for V, and A, transform in the following way: 


Vi. = ta [five + foOagkg + faky] uy 
— loyalfiva + foOupks + fake] vats 
_ | Hi Ye + foOugkg + f3k,]u,, when « = 4, 
LH five + fotapks + faksJu;, when « = 1, 2,3. 
We see (in accordance with p. 48) that the quantity V, transforms 
as a polar vector. The quantity 4, transforms as an axial vector: 
A, = tty [81% + £20,8K, + g3k,] Vslty 
> ta Yal8irVa + S26agkg + S3kilysvauy 
_ | — 2 [21% + 820agKp + g3k,]ysui, when a = 4, 
ite [21 Va + S20agkg + B3ky] ys tty, when a = 1,2, 3. 


UV.V5U > UV4Vals Yau = | 


UC .gU > UV sCygV4u = | 
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Under charge conjugation C 
u—> Ci, i > —iiC*, 
kyokp=—-k,, kp okie = -—ky, 
k=k,-k,>~k =k,-—k =k. 
The matrix C satisfies the relations (see p. 49): 
C+*C=1, Cy,Ct = —%,. 


In what follows we shall make use of the fact that in our represen- 
tation the matrix C = yj, is Hermitian: 


C=C. 


Let us see how the following expressions transform under C-conju- 
gation: 


U5, —_ —i,CCi, = — ti, th, = —U,Ud, 
UrVs5lty _>-— i> Cys Ci, ==> fin 5 U1 == U,V5U2, since V 5 = V55 
U2 Volly > — ll, Cy, Cuy = 7 12 (— Hq) Uy = Uy, YqU2; 
UrViV5ly — — > CYAV5 Ci, = tin V5 Uy => —U,V,V5U2, 
~ _ C — VC _ 
fio,g, > — il, Co,gCa, = — a, Late — Pd Co, 
m~ Cy, CygC a CypCCy,€ x 
= 3-—-—_ hme Uy 
2 
— = if, PB SABES i, = jy, Pato PEPE y, = U,OngU2- 


Employing these relations we find that under C-conjugation the 
expressions for V,, and A, transform in the following way: 


Vi, = ta [five + SoOapk, + fakaJ us 
> —t,C* [five + foOapke + fako) Ci 
= dy [five + foOapkp — Saka] ue; 
A, = tig [Biv_ + S2%apkp + B3kal ysis 
> —i,C* (giv. + B2Fapke + 83kal ys Cu, 


= Ui[— £1V0 + £20 4gKg _ g3k,J Vs5u2- 
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We can now deduce how V,, and A, behave under the transformation 
of combined inversion CP: 


V. = U2 [iy + frog kp + f3k] uy 
hive + SoCapke — Saka] U2, when a = 4, 
| — iy fire + foO.gkg — fak.j]u2, when o« = 1,2, 3; 

A, = U2 [2170 + S2Fapkg + B3kal ysus 

, | is [S1Ve — S20xpkg + 83kalysu2, when « = 4, 

— i, [21V. — £20xpkg + Baka] ysu2, when « = 1,2, 3. 
Consider, finally, the operation of Hermitian conjugation. 
Hermitian conjugation (operation +) is carried out as follows: 
(i24,)* = (UZyaui)* = Upypu, = WU, 
(2zysty)* = Us yaysttr)* = Wy yaysYal2 = —Uysur2, 
(HoValli)* = Wy yayx Yala = U1Yale, 
(2VaV5Ui)* = Wy VaysVaVau2 = W1YaYsU2; 

(t20,pU1)* = ty Y4Orpyal2 = — Uy Oygllo. 
It should be noted that in these transformations it is convenient to 
make use of the relation yayjy4 = yx OF Vx = Yayeyva-. Taking 
into account that under Hermitian conjugation the functions f 
and g go over to their complex-conjugates, while k — —k, we find 
the Hermitian conjugates of expressions for A, and V,: 

Ve = lie [iva + foOagkp + fak,] us}* 
Mf ye. + S2* 6p pg — fs*k,| ur, 
Ax = (tal8ive + 82%apkp + 83 kal yst}* 
= i lgry. — £3 OngKg + gtk.) ysu2. 


In a way analogous to that used above for the expressions V,, and 
A, it is easy to establish the behaviour of the leptonic current 
lL, = wy,(1 + ys) u, under CP-inversion and Hermitian conjuga- 
tion. Under CP-inversion 


iy a(1 + re) lt), /when x= 4, 


ty 1 + ys5)u,-> 
iv —i,y(1 +s), when o = 1, 2,3, 


Under Hermitian conjugation 


My.(1 + Ys) uy —> Uyy.( + Vs) uy. 
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We now have all that we need to prove that the functions fand g 
are real. If there is no interaction between the decay products, 
then the sum of the amplitude M and its Hermitian conjugate M+ 
can be considered as the effective Lagrangian of the decay inter- 
action. By virtue of the weak interaction CP-invariance we have the 
relation 
CP(M+M*t)=M+ M-, 
from which 
CPM = M+ 


follows. Comparing CPM and M* and making use of the relations 
obtained above, we find that f = f*, g = g*. 

Thus the combined parity conservation leads to the fact that the 
functions f,, f2,/3 and 21, 22, zg; must be real. In an analogous way 
it can be proved that in meson decays (decays of the second type) 
the functions f, and f, are real.f 


+ We assumed above that the spinors uw are numbers and hence commute 
(that they are ‘‘c-numbers’’). If we assumed them to be anticommuting 
operators (‘‘q-numbers’’), the result would remain the same for the amplitude 
of the baryon decay, because XY, and /, would change the sign simultaneously. 


CHAPTER 6 


STRANGENESS CONSERVING 
LEPTONIC DECAYS. 
ANALOGY WITH ELECTRODYNAMICS 


CONSERVATION OF THE VECTOR CURRENT 


Leptonic decays of strongly interacting particles are divided into 
two large groups. The first group consists of processes in which the 
strangeness S of strongly interacting particles does not change 
during the decay: AS =0 


The second group consists of processes in which S changes: 
AS + 0. 


Chapters 9, 10, 11 are devoted to processes of the second group. 
In this section and two subsequent ones we shall consider 
decays pertaining to the first group: neutron B-decay, decay of the 
m-meson into e + v or into uw +, wt > n° + e* 4+ » decay, and 
some decays of strange particles, for example: * > A° + e+ + », 
y- + A®° + e- + For K° ~ Kt + e~ + 9%. (The probability of the 
last decay is very low because of the smallness of the phase space.) 
Besides these decays there are possible decays in which photons 
take part along with leptons, but the strangeness remains un- 
changed, for example the radiative muon decay z+ ~ e* + 94+ y, 
but we shalJ not consider such processes. 

All decays in which the strangeness of strongly interacting par- 
ticles does not change are dueto a primary interaction which trans- 
forms the proton into the neutron, and the electron into the neu- 
trino. The current that transforms the proton into the neutron— 
nucleonic current—consists of two terms: a vector and an axial 
term. In this section we shall consider in detail the properties of the 
nucleonic vector current. It turns out that there is much in common 
between this current and the electromagnetic one. The analogy 
between these currents was first pointed out by Gershtein and 


78 


ANALOGY WITH ELECTRODYNAMICS 719 


Zel'dovich in 1955, when it was generally believed that B-decay is 
due not to the vector (V) and axial (A) variants of the interaction 
but to the scalar (S) and tensor (7). Gershtein and Zel’dovich 
pointed out that, if the weak interaction were a vector interaction 
and if the corresponding current of strongly interacting particles 
were conserved, then the constant of this interaction would not 
change under the action of virtual strong interactions, as the 
proton electric charge does not change. 

In the ordinary Yukawa scheme, in which z-mesons as well as 
nucleons are elementary particles and are involved in the strong 
interaction Lagrangian, the conserved electric current must contain 
a z-mesonic term. In the same way, according to Gershtein and 
Zel’dovich, a z-meSonic term must be also involved in the con- 
served vector current of weak interaction, which makes it possible 
to predict the constant in the z-meson f-decay. 

In 1957, Feynman and Gell-Mann put forward the hypothesis 
of the conserved weak interaction vector current in connection 
with the theory of the universal V—A interaction, and showed 
that this hypothesis provides a simple and obvious explanation of 
the equality of the 6-decay vector constant and muon decay con- 
stant. 

As will be seen in what follows, the analogy between the strange- 
ness conserving vector current and the electromagnetic current 
arises most naturally in the Sakata model. We shall begin the 
discussion of this analogy with a more detailed consideration of 
the electromagnetic properties of strongly interacting particles. 


ELECTROMAGNETIC PROPERTIES OF THE PROTON 


In the composite model the electromagnetic interaction of 
strongly interacting particles reduces to the interaction of electro- 
magnetic field with the proton charge, because n and A have no 
electric charge. The charges of all other particles: z- and A-mesons, 
»- and £-hyperons, reduce to the charge of the proton or anti- 
proton composing them. Magnetic moments of particles arise as a 
secondary phenomenon; for example, the neutron magnetic mo- 
ment is due to the fact that the neutron is “‘dressed”’ by a cloud 
of virtual proton-antiproton pairs. Only the normal magnetic 
moment of the proton is a primary one (see below). 

Interaction of a “bare” proton with an electromagnetic field is 
of the form ei,y,u,A,, where A, is the 4-potential of the electro- 
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magnetic field. Now we switch on the strong interaction and ask 
the question: what form will the matrix element have for the inter- 
action of a photon and a proton “dressed” by virtual strongly 
interacting particles? 

Our reasoning will be the same as used in explaining the general 
form of the B-decay matrix element. We have to construct a 4-vector 
of the spinors #,, wu, and of the photon momentum g. In a prece- 
ding section we have seen that such a 4-vector consists of three 
terms: 


? = eit,[C,(q*) vx — M,(q7) 99008 — Np(97) Gal 41» 


where 20,2 = Ya¥3 — Yeo, While C, N, M are certain real functions 
of q’. 

It is easy to show that N(g*) = 0. Indeed, under charge con- 
jugation the term proportional to N changes sign, whereas the 
terms proportional to C and M do not. Consequently, the third 
term has a charge parity differring from that of the first and second 
term. Hence, the third term must be equal to zero. Moreover, there 
is another reason for N(q7) being equal to zero. It is known that 
the electric current is a conserved quantity. For this reason the 
product g,Z, must be equal to zero. Multiply Z, by q,: 


Yala = ttz[Cy,qd, — Mg 6xp9. — N44.) Uy = tt2[CG — Nq?] u,, 


SINCE 9p JaFap = F9a93(Va¥a — Ya¥o) = 9. Recalling that G = fp. — p,, 
isp. = Mil2, Py uy = Mu,, we obtain # Gu, = 0. Consequently, 
Ju Lo = Nq?itzu,, but because g,Z, = 0, N(q*) is also equal to 
zero. Thus, in the expression for Z? there remain two terms: 


Le = CU [C,(9*) Ya — M,(q’) 186 xp] Uy. 


The quantities C,, and M, are called respectively the proton charge 
form factor and the proton magnetic form factor. When g? — 0 
the quantity C,(q*) tends to unity, C,(0) = 1, since the proton 
charge is equal to unity. The quantity eM,(q*) when q? > 0 must 
tend to the value of the proton anomalous magnetic moment: 
eM,(0) = 1:7 u,, where yu, is the nuclear magneton. 

The term “charge form factor” is relative. The point is that in 
the non-relativistic approximation the term ey, C,(q?) u © eily,u 
contains not only the charge but also the normal magnetic moment 
of the proton. Consider a proton at rest, absorbing a photon with a 
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small momentum gq: 


] Gq 
= U5 = * 
mt (0) M2 Pa (= > 2m 51). 


Here wu, and w are respectively the spinor of the initial and final 
state of the proton, while y, and gy are two-component spinors. 
We assume that |q| < m and hence replace E + m by 2m in the 
expression for #,. Now consider the term with « = 4 in the ex- 
pression eii,y,u,A,: 


G 1 O\/1 
eg3(1, -$4)(, _ 1) (6) 9, A4 = CYT P Ag. 


It is seen that this term gives simply the interaction of the electro- 
static potential A, with the charge e. 
But for « = 1, 2, 3: 


os Og 0 5 \() a , OGGA 
eg3(1, - s1\( a0 0/3 “Pa Im ?t 


It is easy to see that this expression is in fact the one for the inter- 
action of the magnetic moment with magnetic field. Indeed, 


e e 
—- G7 GQGAQ, = ~ Fy TAPE OTP 


e ° 
_ — 5 Ane? (Oi. + 181%) Pi 


e e 
= am PF (Fein Gi Apo) Pi = Ty PZ OPH. 


(In this derivation we made use of the Lorentz condition q,A, = 
O = g,A, — gq A; since we assumed g, = 0, it follows that gA = 0. 
Moreover, we made use of the definition of magnetic field #, = 
—iéi419; Ax.) The same result can be obtained in a different way. 
Denote the proton 4-momenta before and after the interaction by 
Pp, and po; g = P2 — Pi» P = P1 + pz. Taking into account that 
2D. = VaP + PY: we get 

2U2 PU, = U2 (VaP + PY) Uy 
2 ly.(2p1 + 9) + (262 — Gyo.) 
AMUzV_Uy + U2 (Vad 7 GV) uy. 


Whence it follows that 


a Ox89 
efi Yay Ay = etl =~ u,A, — ils a u,A,. 


82 STRANGENESS CONSERVING LEPTONIC DECAYS 


When q — 0 the first term gives the electrostatic interaction, be- 


cause +> l, s—> 0; the second term represents the inter- 
m m 

e ; 

action of the magnetic moment ~— with the magnetic field (this 


2m 
is seen from comparison with the term proportional to M(q*) in 
the expression for Z’). When q? = 0 we obtain the static limit of 
the form factors. At g? < 0a virtual photon acts as if it penetrates 
the proton and “sees” the distribution of charges and virtual 
particle currents. The most detailed data on the dependence of 
the quantities C, and M, on q* have been obtained in experiments 
on electron-proton scattering, carried out by the Hofstadter group. 


C, 
, é 


727 


d 


/; 
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In these experiments protons were “scanned” by virtual photons the 
source of which were electrons (see Fig. 10). At not too large values 
of g* the magnetic and charge form factors can be presented in the 


form 2 2 
C,(q?) = 1+, 


M,(g*) = M,(0)(1 +2"), 


The quantities r, and r,, are called the electric and magnetic radii 
on , where 
m,,18 the mass of the z-meson. This result is quite natural: electro- 
magnetic radii are determined by the effective size of the pion cloud 
surrounding the proton. It is seen that at gq? = — m7, the effective 
proton charge decreases by about 4 per cent; the same holds for 
its magnetic moment. 


of the proton. Experiments revealed that r,, ~ r, 


ELECTROMAGNETIC PROPERTIES OF THE NEUTRON 


One can describe in an analogous way the electromagnetic 
vertex of the neutron: 


Ly = Cll2 [C,, (q) Vx M,, (q*) On I] lfy. 
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Since the neutron charge equals zero, C)? = 0. The quantity M, 
is expressed by means of the neutron anomalous magnetic moment: 
eM,(0) = —1-9u,. 

We now study the interaction of nucleons with photons from the 
standpoint of isotopic spin. 


ISOTOPIC SPIN 


It is known that the strong interaction is isotopically invariant. 
(In the Sakata model this invariance of strong interaction reduces 
to the fact that the proton and neutron enter the strong interaction 
current in a symmetric way: 


YPoPrt YaPns 

the masses of these particles being the same; see pp. 5 and 11.) 
It is obvious that within the framework of the isotopically in- 
variant strong interaction it is impossible to distinguish between 
the proton and neutron. This reminds us of the degeneracy of 
states of a particle having a spin and a magnetic moment, so long 
as the magnetic field is switched off. (In this analogy one finds the 
reason for describing the isotopic spin by means of the mathematics 
of ordinary spin.) The proton and neutron are described by a 
certain function y which has two components, a proton and a 
neutron component, just as a particle with the spin 4 has two 
components +4 and —4 along z-axis. If there is no interaction 
that can distinguish between these two states, the system is de- 
generate. If the electromagnetic interaction, which is different for 
proton and neutron, is ‘“‘switched on’, it removes the isotopic 
degeneracy, as the switching on of the magnetic field removes the 
spin degeneracy for a particle with spin 4. The introduction of the 
two-component isotopic spinor yw allows one to make use of all the 
mathematical methods for non-relativistic spin. In particular, 
t-matrices, which operate on the spinor y, are the same as the Pauli 
o-matrices: 


_ (01 =() 5) 5 =(f ") 
1=(1 o}: 2 = (; oP? "3 lo -4)" 
Sometimes it is more convenient to employ not the matrices T, 


and t, but the following matrices: 


tT =4(t, + itT)), 


(01 -=(°9 
° = (5 o): T= oO} 
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What is the advantage of the matrices t* and t~? Consider the 
action of t+ and t on yp: 


eU)=()> (0) = (0): 


tin =P, tTtp= 


tn=Q, tT p= 
It is seen that the matrix +* transforms the neutron into the proton, 
while t~ transforms the proton into the neutron. 
ISOTOPIC FORM FACTORS 


By means of the matrices t and spinors y we can write the inter- 
action of the photon with the proton in the form 


T3 


7 — 14 
CD VaPp Ag = CY. 5 pA,. 


It is seen that the electromagnetic current consists of two terms: 
PV nW (isotopic scalar S), and 
Py,t3y (isotopic vector V). 

' (It should be noted that t and y, operate in different spaces and 


hence can be interchanged.) 
When gq? = 0 we can write 


C,(0) = Es) FCO) =1 and C,(0) = Es(0) — Cv) = (0. 
Whence C;(0) = C,(0) = 1. 
Analogous relations can be written also when gq? + 0: 
; Cs(q7) + Cy(q? Cs(q2) — Cy(q? 
C,(q*) _ s(q ) 5 v(q ) C,,(q) _ s(q ) 5 v(q ) ; 


The same relations are valid for magnetic form factors: 


Ms(q*) + My(q’) Ms(q*) — My(q?) 
2 ‘ 2 ° 
In interpreting the experimental results it is more convenient to 


make use of isotopic vector and scalar form factors and not of 
proton and neutron form factors. 


M,(q7) = M,(q*) = 
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Now that we have the necessary mathematical framework we 
can proceed to the consideration of a very profound analogy 
existing in the Sakata model—the analogy between electrodynamics 
and the strangeness conserving vector weak interaction. 


RELATIONSHIP BETWEEN WEAK 
AND ELECTROMAGNETIC FORM FACTORS 


The isovector part of the electromagnetic current is of the form 
PY .T3Y. 

The vector part of the weak current with 4S = 0 is of the form 

Jn. — Yr VaWn — PVarty: 

The analogy between these two currents is striking: the isovector 
part of the electromagnetic current and the weak nucleonic vector 
current represent the components of the same isotopic vector. 
This allows al] strangeness conserving interactions involving the 
vector current, i.e. all interactions due to the current j.”, to be put 
in correspondance with electrodynamic interactions. The isotopic 
invariance can be stated in an obvious way as the isotropy of 
isotopic space. In isotopic space different projections of the same 
vector are equivalent. Rotating isotopic coordinates we can obtain 
T, OF Tz instead of t,. Since the strong interaction is isotopically 
invariant, while the currents $y,T3y and #y,t*y are the com- 
ponents of the same isotopic vector, the matrix elements of these 
currents, resulting from virtual strong interactions, will be the 
same (to within immaterial numerical factors). 


MATRIX ELEMENT OF THE 2<— p TRANSITION 


As we Shall see in Chapter 7, the vector amplitude of the neutron 
f-decay consists of three terms: 


M = 5 fp Lf (2) Ye — fo 92) up dp — F342) 4p) tale 


(The sign minus of f, and f; is connected with the fact that g= —k; 
see pp. 73 and 80.) Analogous amplitudes describe the muon 
capture by proton uw- +p—>n-+-» and processes of the type 


yrnowecty, 
yvt+noet+p, 
e7-+ pont. 
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By virtue of the analogy with electrodynamics the matrix element 
of the weak transition n — p, 


41097) Ya — £2(97) Onp%8 — £3(97) Ios 
must be equal to the nucleon isovector electromagnetic form factor 
Cy (97) ¥a — Mv O26 G- 
This can be put, symbolically, in the form of the equation (Fig. 11): 


FIG. 11 


Comparing these expressions it is easy to obtain expressions for /,, 
fo and f3: 

fi(q*) = Cr q’), 

faq’) = My(q’), 

f3(q°) = 0. 


Verification of these relations is of great interest. 
We consider them in more detail. 


VECTOR COUPLING CONSTANT 


The equality f,(q7) = C,(q’) leads to a number of remarkabie 
consequences, one of the most important being 


fi: (0) = Cy(O) = 1. 


We have already mentioned that the equalities C,(0) = 1 and 
C;(0) = 1 express the fact that the electric charges of nucleons are 
equal to their “‘ bare”? charges. Compare the proton and positron. In 
the case of the positron the electric charge is a “‘bare’’ point charge, 
whereas in the case of proton the electric charge is “‘dressed’”’, 
‘diffuse ’’, because of strong interactions. None the less the charges 
of the proton and positron are exactly the same. This is a conse- 
quence of the conservation of the electromagnetic current. 
Returning to weak interactions we compare the muon decay 
u—>e+v+ % with the neutron f-decay. Muon decay is due only 
to weak interaction. Hence this decay is characterized by the 
“bare”? weak interaction constant G. In the neutron decay the 
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term y, 1s multiplied not by G but by Gf, , where f, takes account of 
the contribution of virtual strong interactions. But the analogy 
with electrodynamics allows one to state that f,(0) must be equal 
to unity: the weak vector “‘charge’’ of the nucleon must be equal 
to its “* bare charge’’. Thus, the vector constant of f-decay does not 
change or, as 1s Sometimes said, is not renormalized. 

Experimentally the muon decay constant and the vector constant 
of the f-decay agree to within a few per cent. It should be noted that 
this agreement should not necessarily be absolute, since virtual 
photons violate the isotopic invariance of the strong interaction. 
The analogy between the weak vector current and the electro- 
magnetic current is valid to within electromagnetic corrections. 

In the preceding text we have assumed that it is /, (0) that enters 
the matrix element of the neutron f-decay. This approximation 
appears to be very good, because the energy released in the neutron 
B-decay (~ 1 MeV) is substantially lower than that at which the 
nucleon structure manifests itself. Similar to C,(q7) the quantity 
Cy(q*) and, consequently, also f,(q*) are characterized by the 
radius ry of the order of 1/2:m,, where m,, is the pion mass: 


2 pad 
Cy(q?) = 1+ 2. 

Therefore even in the low-energy muon capture by the proton, 
where |g| ~ 100 MeV/c, the value of f, must be only 2 per cent 
lower than unity. 

The dependence of the form factor f(q*) on q? can be studied in 
reactions of the type ¥ + p > u* +n and others involving high- 
energy neutrinos. 


‘WEAK MAGNETISM” 


We pass on to the equation 


f2(q’) = My (q’). 
When g* = 0 it follows that 
3-6u, 18 
f,(0) = —* = —. 


Mp 


Because in the matrix element of the n <p transition f2(0) 1s 
multiplied by g, in the neutron f-decay this term is not large. It 
must be substantially larger in the muon capture. Since My 6.9; 
represents the anomalous magnetic moment, the term /36.;39, 1S 


4 EP 
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called “weak magnetism’. Extending the analogy between the 
weak and electromagnetic magnetism, one can interrelate certain 
types of f and electromagnetic transitions in nuclei (for example, 
in the triplet boron-carbon-nitrogen, as was done by Gell-Mann). 


‘“REFFECTIVE SCALAR” 


Test of the equality 4, = 0 resulting from the analogy with 
electrodynamics is difficult in processes involving electrons, be- 
cause in these processes the contribution of the term f39¢,, even if 
it were not equal to zero, would all the same be very small. Indeed, 
it can easily be seen that the contribution of this term is propor- 
tional to the lepton mass multiplied by the matrix element of the 
“effective scalar” interaction: 


_ Hints ant V.(1 + Ys) Uy = fzm,u,u,u, (1 + Ys) Uy. 


In w-capture this term would be larger. 

We shall end this discussion of the vector part of the nucleon 
matrix element and consider matrix elements of other particles 
and, in particular, z-mesons, resulting from the vector current. 


INTERACTION OF THE 2*-MESON WITH THE PHOTON 


We know that all electromagnetic interactions of strongly inter- 
acting particles in the composite model are due to the interaction 
of the proton with the electromagnetic field. We also know that, 
in spite of the presence of the strong interaction between the proton 
and antineutron in the 2*-meson, its charge is exactly equal to 
that of the proton. The charges of the different particles are the 
same. This is a remarkable fact, resulting from the electromagnetic 
current conservation. We can make a direct use of it and apply it 
at once to weak interactions. 

The interaction of the z*-meson with the electromagnetic field 
can be written in the following way: 


A,Z% = C€A,p* Pk. + he1)s 


where A, is the 4-potential, k, and k, are the 4-momenta of the 
z*-meson before and after the interaction, g+, » are the wave 
functions of the meson, while e is the electric charge. 

Why does the quantity ZZ have such a form? The spin of the 
z-meson is equal to zero. Hence the 4-vector Z7 must be propor- 
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tional to a linear combination of k, and k,: 

Ly = ept ep [aki + ky.) + b{ki. ~~ k2,)), 
where a and 5b are scalar functions. Since the electromagnetic 
current 1s conserved, we have 


(Aix ~~ Ka) La = Q. 
Whence we find 


(ki — kg)a + (ky — kz)? b = 0; 
since kj = k; = m2, b = 0. Consequently, 
Ze = €AG*P(Kig + kr). 
If the normalization of the wave functions @ is chosen to be 


1/\(2ko), where ko is the energy of the meson, then for a meson at 
rest and a static field A, we obtain 
2m, 


Zz = ea(0) ae 


st 


whence it follows that a(0) = 1. The quantity a is a function of q?, 
where gq = k, — k,. The function a(qg?) can be investigated, for 
example, in pion-electron scattering. 


m+ > n° + et + » DECAY 


Making use of the analogy with electrodynamics, one can find 
the form that the matrix element for the z+ — 2° + e+ + » decay 
must have. In fact it is readily seen that this matrix element must be 


GozG1 (Kia + Kx) UeVa(1 + V5) ty. 


We have assumed that the form factor a(q*) is unity, because the 
energy released in this decay is small (~ 4-6 MeV) in comparison 
with the z-meson mass. 

We shall now explain why, in the expression for the matrix 
element, there is a coefficient G instead of (1/)/2) G as in nucleon 
B-decay. For this purpose we write the electric current of nucleons 


and zt-mesons: 
+ T3 


2 


(We have shown only the isotopic structure of the interaction.) 
The z-meson is a triplet in isotopic space; hence, as distinct from 
nucleon, it will be represented by a column vector containing three 


ey yp + eg* sg. 


4* 
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components: 1 0 0 
mt = [0], m= {1 I, x” = [0 4}. 
0 I 


This isotopic vector is acted upon by the 3 x 3-matrices 7, as 
the two-component spinor y is acted upon by t-matrices: 


, [010 , (0-7 0 
T, =—=x!1101 4, I, =-—-|1 QO -i 
2 2 2 
V 010 V 0 i O 
10 0O 
T,=100 0O 
00-1 


The matrices J satisfy the relation T x YT = iT. The matrix 7; is 
the matrix of the electric charge. The interaction with the electro- 
magnetic field is directly proportional to 73. 

Consider now the vector part of the electromagnetic current of 
nucleons and z-mesons: 


_ U3 + 
e(a + @ Ts). 
Analogously one can write 


_t 
Pvt oTip 
and 
T2 


Pav + P12. 
Multiplying this last expression by +i and combining it with the 
preceding one, we obtain 
_%, +1 ; 
=z + (7, + iT.) = ptty + wtT*¢ 


= pn + J/29* + o + /298¢-. 
Recall that 


T, +17 0 |] O10 
ra = (5) T' =T, + iT, =./2 001], 
000 

_  T, — IT 0 0 : 000 
rat ea(i 5) T- = 7T, = iT, = ./2(1 00). 


010 
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Thus, the pion matrix element contains the additional coefficient 

2 as compared with the nucleon matrix element. The same result 
is easy to obtain in an elementary way, if it is recalled thatz* = pit, 
while x° = (1/,/2) (pp — nf). The x* > n° + e+ + » decay takes 
place on account of two processes : the proton decay p > 1 + e+ + 
and the antineutron decay ni —> p + e+ + ». The amplitude of 
each of these processes is proportional to G/,/2; since they have 
different signs, and the z+ — z° transition involves the difference 
between them, the total amplitude of the a+ — 2° transition is 
proportional to 2G/(,/2 ./2) = G. Thus, the amplitude of the 
u* — 7° + e* + » decay has the form 


Gqopslky + ky) ty. (1 + ys) tle. 
Knowing the amplitude one can calculate all characteristics of the 


m* —> 2° + e* + » decay and, in particular, its decay rate (see 
Chapter 8). 


ANALOGY WITH ELECTRODYNAMICS — A CONSE- 
QUENCE OF THE MINIMAL MODEL 


The analogy with electrodynamics has allowed us to derive a 
number of conclusions. The main one is that the vector constant 
of the neutron decay is equal to the “‘bare’’ weak interaction 
constant. This conclusion of the non-renormalizability of the 
vector constant of the strangeness conserving weak interaction, as 
well as the other ones considered in this and in the preceding 
chapter, 1s a consequence of the Sakata model, and is associated 
with the fact that the nucleonic vector current in the Sakata model is 
automatically conserved. t 

In other theories, in which there is not just one pair of elemen- 
tary particles of the same strangeness but several multiplets of 
elementary particles, the conserved current (if we wish to have 
such a current) has to be made “artificially ’’. Indeed, let z-mesons, 
K-mesons, &-hyperons, =-hyperons be assumed to be elementary 
and to possess a primary weak interaction with leptons. Consider 


+ It is easy to convince oneself of the conservation of the nucleonic vector 
0 
current in the Sakata model, if its divergence ox. (py,it) is calculated, assum- 
a 


ing the Lagrangian of the isotopically invariant strong interaction to be 
four-fermion or to result from neutral intermediate meson exchange, as Is the 
case, for example, in the vecton model (see p. 31). 
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the weak interaction of nucleons with leptons. Since the proton 
spends part of its time in the form ofn + 2+ orA + Kt,orX° + Kt 
and so on, for each of these particles the constants of the primary 
weak interaction must be chosen in such a way that the contri- 
bution of all these virtual particles does not change the nucleonic 
vector constant. 

It is seen that in a theory in which all elementary particles are 
actually elementary, the conservation of the vector current is not 
only not forced but appears to be an improbable accident. In the 
Sakata model (and, in a more general way, in the universal model) 
this conservation is unavoidable. Therefore, if experiment should 
contradict even one of the consequences of current conservation, it 
would mean that the minimal model is not valid and that all 
strongly interacting particles cannot be described as the eigenstates 
of a system of three interacting baryon fields. 


CHAPTER 7 


STRANGENESS CONSERVING 
LEPTONIC DECAYS. 
ISOTOPIC PROPERTIES 
OF THE NUCLEONIC CURRENT 


NUCLEONIC CURRENT — ISOVECTOR 


The analogy between the strangeness conserving vector current 
and the electric current, considered in the preceding chapter, 
is based on two properties of the vector current: first, it is con- 
served, second, it is an isotopic vector. The strangeness conserving 
axial current 1s not conserved and it is not similar to the electric 
current which has the form #y,y and not jy,ysy. However, the 
axial current, like the vector current, is an isotopic vector: it is 
produced in the Sakata model by p< n transition. This isotopic 
property allows one to deduce certain selection rules, the so-called 
selection rules of isotopic parity. 


ISOTOPIC ROTATION AND CHARGE CONJUGATION 


In order to explain the isotopic parity we have to return again to 
strong interactions and consider in more detail the two operations: 
charge conjugation and rotation in isotopic spin space. 

We have already mentioned that the strong interaction conserves 
charge parity and that it is isotopically invariant. When a system 
obeys two conservation laws at the same time, then there may arise 
additional selection rules, which would not result from either of 
these laws alone. 


T2-ROTATION AND NUCLEONS 


Consider the rotation in isotopic spin space by 180° about the 
second axis (see Fig. 12). We shall denote this operation by 7}. 
We study the behaviour of isotopic spinors under this operation. 

93 
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Pick a nucleon isospinor yp: 


y= ( for proton 


and 

y= (") for neutron. 
Under T,-rotation 

= IT2Y, 


poy = p(— it). 


“< 
{ 

“< 
| 


Fic. 12 
If we note that 


0 -i . ,_ {1 1) 
™%= ) while 13 = (, 1}? 
then it is easily seen that the isotopic scalar ~y under 7,-rotation 


will go into itself. 
Furthermore 


— fly. 0 + (") _ ( ) 
ita (9) = — (1): 2\i) op? 
(1, 0)(—it,) = —(, 1), (, 1)(—/72) = C, 9). 
Thus, under the operation T, 
pro nA, n> Pp, 
prom —fA, n— p. 
T2-ROTATION AND az-MESONS 
How do the z-mesons behave under 7,-rotation? We recall that 
0  Ppp-in 
- 73 
Here, and in what follows, to avoid introduction of additional 
notation (p and fi), we denote the antiproton by p and the proton 
by p (similarly for the neutron). Since the symbol pf stood for proton 


creation and antiproton annihilation, it is as if we had written the 
wave functions of the annihilating particles. 


w= Ap, 2 Tw = pn, 
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Knowing how nucleonic wave functions behave under 7>- 
rotation, we obtain 


ua” = pra —np = -2-, 

uw =np —pnr= —2"*, 

no = PRON ppm _ _ ao 
2 V2 


It 1s seen that under 7,-rotation the wave function of the 2°- 
meson goes over into itself with a minus sign. This means that the 
z°-meson has a definite (odd) parity under 7,-transformation. 

The :t*- and st--mesons, under T-rotation, do not go over into 
themselves but into each other. Consequently, they do not have 
any definite 7,-parity. 


G-TRANSFORMATION 


We now add to the operation T, the charge conjugation opera- 
tion C, under which 


ut > 1, mu” — 7, m° —> 7° 


It is easy to see that under the simultaneous action of 7, and C 
tt > — 7, a a a mo —> — 7°, 
The product of the operations C and 7; is denoted by the letter G: 
G — CT, — T> Cc. 


It is seen that all three a-mesons have odd G-parity. In the 
literature, the G-parity is sometimes called isotopic parity. 


LEE-YANG THEOREM 


The fact that the pion wave function has a definite isotopic 
parity allows one to establish selection rules using this quantum 
number for systems of z-mesons. 

Indeed, since strong interaction conserves both charge parity 
and isotopic spin, it also conserves G-parity. Therefore the G-parity 
of a system of strongly interacting particles cannot change. Whence 
it follows that an odd number of z-mesons can only go over into 
an odd one, while an even number of z-mesons can go over only 
into an even one. In other words, a diagram containing only x- 
meson external lines is different from zero only in the case when 


4a EP 
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the number of these lines is even. This theorem, formulated by 
Lee and Yang, reminds one of the Furry theorem for photons. 

The Lee-Yang theorem is valid not only when all external meson 
lines correspond to real mesons but also when some of them (or 
all) correspond to virtual mesons. For example, by virtue of this 
theorem the following diagram (Fig. 13) must be equal to Zero, 
because its upper vertex contains an odd number of z-meson 
“‘tails”’. 


Fic. 13 


If a diagram contains, in addition to z-meSon external lines, ex- 
ternal lines of other particles, for example those of nucleons, then 
the rule is, in general, inapplicable. 


G-PARITY OF THE NUCLEON? 


This is connected with the fact that such particles as K, N, A, », & 
have no definite isotopic parity. 
Under G-transformation 


| n-— p, 
po nh, h-—- Dp, 
AoA, Sta — DL, 


It is easy to see that, in order for a particle to have a definite 
G-parity, its baryon charge and strangeness must be equal to zero, 
because charge conjugation changes the sign of these quantum 
numbers whereas 7>-rotation does not. 


G-PARITY OF THE NUCLEON-ANTINUCLEON SYSTEM 


Although nucleon and antinucleon have no definite G-parity, 
the system of a nucleon and an antinucleon has a definite G-parity 
which is determined by the values of the spin s, orbital momentum / 
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and isotopic spin T of the system (recall that z-meson is a bound 
state of the nucleon—antinucleon system with s = 0,/ = 0, T = 1). 

In Chapter 3 we have seen that the charge parity of the proton— 
antiproton system is equal to 

C=f—])'s, 

This is also true of the charge parity of the system of a neutron and 
an antineutron. We now consider the isotopic states of the system 
of a nucleon and an antinucleon. 

As a result of strong interaction the systems pp and fn may 
transform into each other. But there are linear combinations of 
the states pp and fin, which are conserved by strong interaction: 


1 J _ 
aq (Pp+ fin)=—sHy, T=0, Ts =0, 
N\ 


(pp — fin) vT3y, T= 1 T 0 
_—— —_ = —r 5 = 5 = . 
/2 J2'° ° 


The first state is an isotopic scalar (singlet). The second one is a 
component of an isotopic vector, 1.e. of an isotopic triplet. The 
remaining two components of this triplet are 


pn = pty, T= 1, T3; = —-1, 
np = pry, T=1, Tz; = +1. 


Under 7,-rotation a state of the nucleon—antinucleon system 
with T = 0, T; = 0 will go into itself with a plus sign whereas the 
state with T= 1, 7; = 0 will go into itself with a minus sign. 
Consequently, the 7,-parity of the nucleon-antinucleon system 
with 7, = 0 is equal to (— 1)’. 

For a neutral system of a nucleon and an antinucleon we can 
make use of the definition G = CT,. Then we obtain 


G=(-1)*s"F. 

Having obtained this formula for the neutral component with 
T; = 0 we can, taking advantage of isotopic invariance, extend it 
to charged states of the nucleon—antinucleon system (pn, np), 
for which 7; = +1. 


G-PARITY AND ANNIHILATION 


The formula obtained allows one to establish selection rules for 
the z-meson annihilation of nucleon and antinucleon (Fig. 14). 
The G-parity of the NN-system equals (— 1)'****, while that of a 


4a* 
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system consisting of z-mesons equals (— 1)". Since strong inter- 
action conserves G-parity, the equality 


(— ht = (1) 


must be fulfilled in the annihilation. Thus, in the annihilation of a 
slow (J = 0) antineutron in hydrogen (T = 1) in a state with 


Fic. 14 


s = 1 only an even number of z-mesons may be created (” = 2, 
4, ...), while in a state with s = 0 only an odd number of z-me- 
sons may arise (7 = 3,5,...). 


G-PARITY OF THE w°-MESON 


From G-parity conservation one obtains at once the selection 
rules for the decay of the neutral vector meson w®: the G-parity 
of the w°-meson, which has an isotopic spin zero, while its charge 
parity is odd (as in the case of the photon), must also be odd. 
Consequently, such a meson may decay into three, but not into 
two, 7z-mesons: 


wont+a- +7, 

we +>mt + 707. 
This last decay may go only by the simultaneous action of the 
strong and electromagnetic interactions. (The electromagnetic 


interaction is not isotopically invariant and, consequently, does 
not conserve G-parity.) 


G-PARITY AND 8-DECAY 


We have sufficiently digressed in this consideration of the strong 
interaction. Let us return now to the weak interaction, and consider 
the neutron f-decay. We have written the matrix element for B-decay 
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by now many times. It represents the sum of two terms, a vector 
and an axial vector: 


Vo = Uy [five _ S206 98 ~~ fs Jax) Un, 
A, = tip [81 ¥x — 8200698 — £390) ¥sUn- 

The matrix element V,, represents the free weak vector current v, 
“dressed”? by virtual strong interactions (v, = py,n), while A, 
represents the “dressed” axial current a, (a, = py,V5N). 

It is easy to see that the free currents v, and a, have definite (and 


different) G-parities. In order to convince oneself of this, note that 


the 6-decay nope +9 


is equivalent to the annihilation process 
n+pome +. 


The current py,n describes annihilation from states with an odd 
value of / + s, while the current py,y5n describes that from states 
with an even value of / + s. (It should be noted that under charge 
conjugation the vector y, and the axial vector y,5 behave differ- 
ently.) Since strong interactions, “‘dressing”’ initial currents, are 
isotopically invariant and conserve charge parity, the equalities 


G(V,) = G(v,); 


G(4,) = Ga, ” 
must be fulfilled. 

How do different terms of V, and A, behave under G-transfor- 
mation? Note that under the isotopic rotation 7, all these terms 
behave in the same way, because they are components of an isotopic 
vector. The distinction between them is associated with the fact 
that they behave in different ways under charge conjugation. 

As we have seen in Chapter 3, under charge conjugation C the 
scalar (1), pseudoscalar (y,) and axial (y,y5) do not change sign; 
while the vector (y,) and tensor (y,7g) do (all this in the theory of 
g-numbers). 

Consequently, the terms 


Un Von’, Up OB 9B Uns Uno og 9B V5 Un 
have even G-parity, while the terms 
UnVaV5Un> Uy Jo Un » Und.) 5 Uy, 


have odd G-parity. Whence and from the equalities (*) it follows 
that f; = Oand g, = 0. The fact that /, is zero is not a new result 
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for us: in Chapter 6 we have seen that /; (“effective scalar”’) must 
be equal to zero by virtue of the vector current conservation. Now 
it turns out that the effective scalar is “‘twice-forbidden”’. 

At the same time weak magnetism is not forbidden by the 
G-parity conservation. On the other hand, in the expression for A, 
the term proportional to g, (“effective pseudoscalar’’) is allowed, 
while the term proportional to g, is forbidden. In analogy with 
weak magnetism, this last term could be called a “weak dipole”’, 
because it reminds one of the electric dipole moment. The G-parity 
conservation in strong interactions requires that the weak dipole 
should be forbidden, just as the combined parity conservation (C P) 
forbids the particle to have an electric dipole moment. 


OTHER DECAYS 


All of these remarks on f-decay refer, of course, also to the 
matrix element of u-capture. The fact that the initial weak currents 
v, and a, have a definite G-parity allows one to establish the rela- 
tionship between the matrix elements of the decays 


St++»A®°+et++y and »-35A°+e-4 7. 


These matrix elements must be the same. 

Unfortunately, neutron B-decay, u-capture and X* > A°+e*+y 
decays serve only for verifying that the free currents v,, a, actu- 
ally represent isotopic vectors with a definite (but different) G- 
parity. These processes cannot prove anything about whether or 
not the currents contain terms representing isotopic tensors of a 
higher rank. This is associated with the fact that the interaction 
with AT 2 2 cannot give any contribution to the transitions 
{(T = 4) > (1 = 3), T = 1) > (T = 0). Such an interaction might 
occur, for example, in the (T = 1) ~ (T = 1) transitions. 


CHAPTER 8 


STRANGENESS CONSERVING 
LEPTONIC DECAYS. 
CALCULATIONS 
OF CONCRETE PROCESSES 


WE NOW proceed with the consideration of leptonic decays in 
which the strangeness of the strongly interacting particles before 
and after the decay remains the same. 

The form of the matrix elements for various decays has been 
defined above. By means of these matrix elements and the calcula- 
tion technique described in the example of muon decay (see Chap- 
ter 4) we are going to calculate the characteristics of a number of 
decays. 


Te3-DECAY (a+ >22° + e* + ) 
The matrix element of the z,3-decay has the form 
M = Goo, (kz + kz) ty. + ys) Ue, 


where qo, ki, and y,, kz are the wave functions and 4-momenta, 
respectively, of 2°- and z*-mesons, while #,y,(1 + ys) ue, is the 
leptonic current. 

Consider the decay in a coordinate system in which the dis- 
integrating 2*-meson is at rest. The energy released is d = m+ — 
m.o = 139:6 — 135 = 4:6 MeV. Therefore the z°-meson produced 
in the decay of the z+-meson can be assumed to be practically at 
rest, and this means that its 4-momentum has only the energy com- 
ponent Ey = m,o, ky = 0. Therefore, 


to (Eo + E.) 2 oeg, xX 2m,, if ao = 4, 
" QO, if a + 4, 


and, hence, 
M=G. 2m,,u,y4(1 + Ys) UePo P+: 
101 
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The probability of the 2,3-decay 1s equal to 


(2x)* pdp,dp.dky |M/? 


—_——— —_——$—$=—<—_—_—____—. 04 (k, vy fe}. 
(x) | ZE,2E.2m, 2m, ° ~ Py ~ Pe) 


WVW= 


We calculate |M|? (the bar denotes summing over the polariza- 
tion of » and e): 


— 
are = |t,yaC1 + 5) ual? 
= Sp(p. + me) val + v5) Boye + vs) 
= 25Sp PeyaP Val + ys) = 28p Peya Piya 

= 25p PeValEvya — Pov) Va = 2Sp PelEyya + Py) 

= 8(E.E, + pep,) = 8E-E,(1 + v,2,). 
Substituting this result into W: 

I 


y— 2 
W Ons ° x 


<8] Bt + wn) oe She dled (ky — ko — Py — Pe) 


=o sae f( + v,0,) dpe dp,6(E, + E, — A), 
A =m, — Mz = 4.6 MeV. 


We now calculate the integral over phase space, disregarding the 
electron mass (|p,| = E,): 


ike + Vev,) ap. dp, o(£, + E. _ A) = { dp. dp, o(E, + E. _ dl). 


Since the term v,v, is linear in the cosine, on integration it will 
drop out: 


J dp. dp, 5(E. + E, — A) 
= (41)? [ |pel? dlpel |p, |? dlp,| 6(E, + E. — A) 
= (4)? [ E? dE, EZ dE, 6(E, + E, — A) 
= (42)? [ E2dE(A — E,) 


1 
2A5 
= (anys [ x7(1 — x) dx = oe 
1) 
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Finally we obtain for the total decay probability 
2G7(4n)?A°> GG? A® 

(22)°30 303° 
Taking account of the finiteness of the mass of the electron 
(m./A = 0) and z-meson (4/m, + 0) will give about a 10 per cent 
correction to this expression: 
G?A° ( Sma 38 


3073 


W = 


W 


The probability for the z* — 2° + e* + » decay that we calculate 
amounts to about 10-® that of the a > w + » decay. 

Note that in this decay we knew, in essence, all the relevant data. 
We knew the matrix element accurately by virtue of the vector 
current conservation and the smallness of the energy released in the 
decay (see Chapter 6). Hence the value of the decay rate is predicted 
quite unambiguously by theory, and the validity of the theory can 
be checked experimentally. 

Measurement of the relative probability for thez* — 2° + e+ + 
decay, which was suggested many years ago by Zel’dovich, is of 
great interest, and recent experiments done at Dubna and CERN 
in 1962 give results in good agreement with theoretical predictions 
based on the electrodynamic analogy. 


M2°-DECAY (at>ut +7) AND 2,.2-DECAY (a*>e* +) 


In the matrix element describing these processes, we do not 
know the form factor arising from strong interactions. Therefore, 
for the matrix element we have to write: 


G 
M= <a hE Katy Yo + Ys) lly, 
ap 


where ¢ is the wave function of the x-meson, while k is its 4-mo- 
mentum (the index / denotes / or e), k = p; + p,. The value of f 
is the same for z,,2.- and 2,2-decays. To explain this, note that fis 
due to virtual strong interactions and to the axial vector weak 
interaction (Fig. 15). The value of fis determined by the properties 
of the dashed block of the drawing. Since leptons are emitted at one 
point (locally) and since the weak interaction is universal, f does 
not depend on the nature of leptons emitted but only on the square 
of the 44+momentum transferred to the leptons. However, in our 
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case and for z,.- and z,.-decays the square of the transferred 
4-momentum is m2. Consequently, the constant fis the same for 
the two decays. This allows us, although we cannot calculate the 
rate of each decay in particular, to predict their ratio. 


E*¢ tt) 


Fic. 15 


In order to simplify the matrix element, make use of the Dirac 
equation 
KatyYo(l + Ys) ur = 0,(hy + Pi) 1 + ys) us = mu, (L — Ys) mL. 


Whence 


M = 72 pu,(1 — ys) uy. 


Now calculate the decay rate: 
_ (2x)* ¢ dp, dp, |M/? ., 
~ (22) J 2E,2E, 2m, “Om, 0 & ~ Pi Po) 
_ (22)* G*f* mi dp, dp, flrs 654 

(22)°2m_.2) 2E,2E, 
[#,(1 — y5)u,|* = Sp p,(. — ys) (Bi, + m) (1 + ys) = 8(pip,). 


Here the bar denotes the sum over the spin states J and v. Thus for 
W we find 


Ww= 


(k — P1 — p,)|u,( — Ys) u,|*, 


G* f? mi 8p Pp, ap, dp, br §4 

4n? . 16m, E,E, 
_ G? f? mi ° SPD» dp, 
6427 m,, EE, 


Cs — Pi Py) 
—— 6(£, + E, — m,). 


Integration over the phase space of the lepton presents no difficulty 
(pil = |p,| = £, = p): 


dp, 4np*d 
it 6, + 6 —m,) = | PAP 8p + E — my 
4 2 

we 4n 


=a FE) = aa 
DE, ve ?) 
Pp 
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Note that from (p, + p,)? = m= it follows that 


2 
2P.\p, = m ( — r): 
\ me 


The decay rate is equal to 


The constant fin this case has the dimensions of mass 


[7] = [m]. 
Comparing this expression with the experimentally measured 
probability of the z-meson decay, we get f © m,. 
The ratio of the probabilities of decays into e + » and pw + » 
does not depend on the unknown function f and is equal to 


; 2 7 372 _ p72 \2 
= ee (me) — ~ 13x 10-4. 


w(ue + v) My, nt, — mi, 


For a long time experimentalists could not detect 7,,-decay, and its 
absence was considered as one of the main difficulties for the 
theory of the universal V—A-interaction. This decay was, however, 
eventually detected in the autumn of 1958. At present, experiments 
give a value of the ratio R in a good agreement with the theoretical 
one. 


POLARIZATION OF MUONS IN THE 2z,.-DECAY 


Since the spin of the z*-meson is equal to zero, while the neutrino 
is polarized antiparallel to its momentum, the ~*-meson must also 
be polarized antiparallel to 1ts own momentum (see Fig. 16, where 


—_————$——$ > 
— > —_— 
Fic. 16 


long arrows denote the momenta, while short arrows denote the 
polarization of the particles). 

In an analogous way, 4--meson in the decay of z--meson must be 
polarized longitudinally along the momentum. The same holds, 
of course, also for e* and e~ in the 2” > e~ + » decays. Such a 
polarization of e and yu can be called “‘forced”’; as we shall see 
later on, in the f-decay, where there are no strict kinematical 
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restrictions, e~ are polarized mainly antiparallel to their momen- 
tum. 

The results of measurement of the polarization of muons arising 
from the decay of a-mesons are in agreement with theoretical 
predictions. 


NEUTRON f-DECAY 


We now pass over to the neutron decay n > p + e~ + ¥. The 
amplitude for this decay is equal to 


G 
2B 


where, as was shown above (Chapters 5-7), 


M — (V, + Ax) My. + V5) Uy» 


Ve — Un (fi Va — f20xp 9) Uy, » 
A, = Hy (21 Vx _ £39) V5u,- 


If one disregards ‘‘ weak magnetism” (f,) and the “effective pseudo- 
scalar” (g3), which give a small contribution to the f-decay, and 
denotes g,/f,; = «, then the amplitude of the neutron f-decay can 
be presented in the form 


G _ 
M — 7g eval + as) Un teVa (1 + V5) lt. 


The coefficient of y, in the baryon current is equal to unity as a 
consequence of the vector current conservation. The coefficient « 
of y,y5, resulting from strong interaction, 1s a certain quantity 
which we cannot calculate. For the “‘bare’’ interaction it is equal 
to 1. For the real neutron, as is known from experiment, « = 1:25 
(see below). If the theory of the weak interaction we are presenting 
is accepted, then from experiments on the neutron f-decay we 
infer, in essence, only the value «. We cannot, as yet, explain why 
o« 1S so Close to unity. 

Calculate the neutron decay rate. 

In these calculations the proton and neutron can be considered 
as non-relativistic particles, because the released energy is only 
QO = 1:3 MeV. This considerably simplifies the work. 


The four-dimensional spinor has the form u = (”), where @ and 
x 


% are two-component spinors. When |p| < m, the component y 
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tends to zero, because y = 


Gp 
Eam Therefore the four-component 
spinors of the proton and neutron go over to the two-component 
ones: 


uy = (Y>; 0), lt, = (7). 


Consider the non-relativistic limit of the expressions contained in 
the matrix element: 


_ 1 0\/9, 
tprat = (5+ 0)(5 _4)(B) = 920. 


- 0 o\/9, 
Mp? ln = (Fos o( 0) C) = 0, 
_ 1 0\/0 1\/9, 
Mp¥s stn = — (Pos O) ( - i); 0 (3) = °: 


—3,0(_ 9 O\() 9) (%) = - 280m. 


As a result the matrix element assumes the form 


Uy YY Ss l,, 


M= (os nitera(l + Y5) Uy + PZ OPn-tley(l + ys) U}- 

We have the sum of two terms—a vector and an axial term. In 
the vector term only the time-like components differ from zero, 
while in the axial term only the space-like components differ from 
Zero. 

We now find the square of the matrix element, summed over the 
spin states of the proton, electron and neutrino and averaged over 
the spin states of the neutron: 


G* ~———__—_____—_.__,, 
|.M |" ~ mike "Ue v4(1 + V5) u, |? 


+ a? |, OPn ° u.y (1 + V5) u, {7}. 


The interference term, in averaging, turns out to be zero. We cal- 


culate |g*@,|*. The projection operator A = p + m in the non- 
relativistic approximation reads 


I+I 0 _ {I 0 
A= m(I + ys) =m 0 = 2"(, 5): 
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Here 1 is a unit 4 X 4-matrix, while J is a unit 2 x 2-matrix. If we 
had considered polarized particles, the operator 1, would contain 


o-matrices. 
Summing over the spin states of the proton and averaging over 


the spin states of the neutron give (m, = m, = m): 
ler Pnl? = 4Sp(2m,7.2m,.1) = (2m)’, 
Pi 61: VnPt0,P, = $Sp 2mo;.2moa, = (2m)? 0;,, 
where i, k = 1, 2,3. Here the bar denotes summing over the proton 
polarizations and averaging over the neutron polarizations. Making 
use of these relations it is easy to obtain 
[ity + Vs) Uy] (Pp Pn) |? = 32m? (E, Ly + PeP»)> 
|Hevi Cl + Ys) Uy OiPnl? 
= (2m)* Sp p,yidl + vs) Be + m) vi. + Ys) 
= 2(2m)’ Sp p,yibeyi = 32m? (3E,E. — PePy); 
i= 1,2,3. 
We substitute these results into the matrix element 
32m? G? 
2 
l6m’?G* EY E{(1 + 307) + v,v,(1 — «”)}. 
Thus, it turns out that the electron—neutrino correlation has the 
form 


||? {E,E. + Pep, + «7 (3E£.E, — pep,)} 


I 


1 — a? 


1+ AVe COS Oey, where 2 = T4302" 
For « = 1:25, A = —0-08. The decay rate is equal to 


_ (2x)* ¢|M\? dp, dp. dp, 4 
"=a | Im, DE, DE. DE, ° (Pn ~ Po — Pe — Pe). 


After integration with respect to the angles, we get 
2 2 
= ane (1 + 30%) { Ipel* Lal? d Lpel d pel (Ey + Ee — 4). 


Therefore, for the electron spectrum we obtain 
AW ~ (E> — m2)? (A — E,)* E.dE,. 


} According to C.S. Wu, « = 1:15 + 0:04 (note added in 1964). 
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To obtain the total rate one has to take integral over the electron 
spectrum. 

We calculated this integral to be 4°/30 for the case when the 
electron mass can be disregarded (see the z* > m° + e+ + y decay). 
However, as the kinetic energy released in the B-decay is compar- 
able with the electron mass, including effects of this mass leads to 
a substantial lowering of the decay rate. Accurate calculations give 


2/5 
W = oo (1 + 3x2) 0.47. 


Attention is drawn to the following. If it is assumed that there is 
no axial interaction (« = 0), and if the electron mass is disregarded, 
then we obtain a decay rate two times lower than that of the 
.3-decay of the z*-meson (at the same 1’s; see p. 102). This corre- 
sponds to the fact that the coefficient in the matrix element of the 
vee of ax-meson 1s larger than that in the f-decay by a factor of 

2. 

Thus, we have calculated the spectrum of f-decay electrons, elec- 
tron—neutron correlation and total 6-decay probability. 

The most accurate values of « are obtained from comparison of 
the theoretical f-decay rate with the experimental data on the neu- 
tron lifetime, obtained by the Spivak group (t = 1013 + 29 sec). 
If the value of « is determined from other experiments, then data 
on the neutron lifetime can be used to prove that the vector constant 
in the f-decay is not renormalized (/,; = 1). 


POLARIZATION OF ELECTRONS 


To calculate the polarization of electrons arising from f-decay, 
replace u,i, by A, = 4(fpe + m,) (1 + Sys) (see Chapter 4). It can 
easily be seen that in the product (1 + ys) (Be + me) (1 + Ses) 
only the quantity jp. — m.§, will give a non-zero contribution to 
the trace. 

If we are interested in the spectrum of non-polarized electrons, 
then only the fourth component of the vector p, enters the result: 
Pea = E.. If we are interested in the spectrum of polarized electrons, 
then p.4 is to be replaced by p.4 — mS.4. Taking into account 
that s.4 = p.§./m-, where p, is the electron momentum, while ¢, 
is the unit vector of the electron polarization determined in the 
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system in which the electron is at rest (see p. 59), we see that the 
probability of a decay with emission of a polarized electron 1s 
proportional to the quantity 


(£, — m, PH) = FeCl = 680). 


e 


This result means that in the f-decay the electrons are poarized 
antiparallel to their motion (left-handed screw) and that the degree 
of their polarization is equal to the electron velocity v, (in units 
of c). Indeed, the number of right-handed polarized electrons 1s 
proportional to 1 — v,, while that of the left-handed ones is 
proportional to 1 + v,. Consequently, the degree oft left-handed 
polarization is equal to 


(1 + v,) — Ud — »,) = 
(l+o)+(l—v)  ° 


DECAY OF THE POLARIZED NEUTRON 


If a disintegrating neutron is completely polarized, then the 
electron angular distribution must be of the form 


I + 0202 COS @e, 
while the neutrino angular distribution must be of the form 


1 + 9, Cos q,, 


where 
—  _2(a*? — a) 
Ce TE 3a?” 
_ 2(a* + «) 
OS T4302” 


~e(y,) being the angle between the neutron spin and electron (neu- 
trino) momentum. These formulae are easy to obtain by means of 
the standard calculation technique. If it is assumed that « = 1-25, 
then we obtain 0, ~ —0-08, 9, + 1. Experimental data are in 
agreement with these figures. 

By virtue of the combined parity conservation a correlation of the 
type n[p. x p,] cannot be present, where 7 is the vector of the 
neutron polarization and p, and p, are the momenta of the electron 
and neutrino (see pp. 45-46). Experiment confirms this conclusion. 
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u-CAPTURE BY THE PROTON 
The amplitude of the process uw- + p > n + y is equal to 


G _ 
M= wD) (V+ A,) tyya(d + 5) ty 


Vv. = Up [five — fo. 9] Up, 
A, —= in 121 V x _ £39,] Vs5suyp. 


On the basis of data on the electromagnetic structure of nucleons 
it can be concluded that the values of /, and f, differ from analo- 
gous quantities for the neutron f-decay by not more than 1-2 per 
cent. The same is apparently valid for g,. 

For a rough estimate, we disregard the dependence of the form 
factor on energy, and also terms corresponding to weak magnetism 


and the effective pseudoscalar. Then the amplitude assumes the 
form 


G _ 
M= 2 [inva + Xs) Uy | [ty + 5) u,,J. 
The cross section calculated by means of this amplitude is equal to 


_G ny, 
270U 


Oo (1 + 307), 
where m,, is the muon mass, while v is the muon velocity. 

We now calculate the probability of w--meson capture from the 
K-shell of the u-atom. As is known, the probability of any reaction 
is equal to the product of the cross section o and the flux j: 


W =o] = Gov, 


where o is the density of the u-wave. In the u-atom the density of 
j.--mesons near the nucleus is equal to 1/a°, where ais the Bohr 
radius of the u-atom (a = 1|/m,,e?, and e? = 1/137). 

Taking this into account, we obtain for muon capture in an 
atom of mesohydrogen 


vine _& m,e° 
27 


= te 4 3x2) p He (1 + 3a’). 


The ratio of this probability to that of the muon decay is equal to 


W(u- + ponty) — e&(1 + 3x7) 1920° 


ONE SE ~ 6x 10-4. 
W(u- > e- + ¥ 4+ 9) 237 
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It can be shown that the corrections due to the effective pseudo- 
scalar (g3) and weak magnetism (/2) amount to several tenths 
for muon capture by the proton. The correction due to weak 
magnetism can be estimated quite precisely, while for the cor- 
rection due to the effective pseudoscalar only an order of 
magnitude can be predicted. If the theory we have presented is 
valid, then we know fairly accurately /,, g, and f/, from data on 
the neutron 6-decay and from the experiments on the electromag- 
netic structure of nucleons. Therefore experiments on muon cap- 
ture should make it possible to determine the value of the effective 


pseudoscalar g3. 


DECAYS OF STRANGE PARTICLES 


Strangeness conserving decays of strange particles possess low 
probabilities, since the energy released in these decays is usually 
very small. Therefore these decays cannot compete with strangeness 
changing decays of strange particles, in which the energy released is 
large. 

The K®° — K+ + e~ + # decay is analogous to the 2+ > 2° + 
e+ + » decay. Its matrix element is of the form 


G _ 
Vz P+Po (Az + kx) eV, (1 + V5) Uy, 


while its decay rate is equal to 
G* A> 
~ “6025 * 

For 4 = mgo — Mg = 3:7 MeV we obtain W ~ 0-1 sec-!. The 
probability of the 2- + 2° + e~ + # decay, the “most readily 
observed”’ of similar f-decays within the 2-triplet, is 10-9 of the 
total probability of the 2--hyperon decay. 

The most probable strangeness conserving decays of strange 
particles are the following: 


t+» A°tert+y. 


The form of the matrix elements of these decays depends on 
P—the relative parity of X and A. If P = +1, then 


Ve = talyati + Oipke fe + ky fs] uy, 
A, = tigl¥a81 + OxpkgS2 + kgs) ysus. 
If P = —1, then V, and A, are interchanged. 


CALCULATIONS OF CONCRETE PROCESSES 113 


Because the nucleon current has a definite G-parity (more precise- 
ly, GP-parity) the functions fand g in the 2+ > A + e+ + » decay 
are the same as in the 2- — A° + e- + # decay. From the vector 
current conservation it follows that k,V, = 0 and that 


- fle? ep 
Bak? , _ 
SV ara 


This leads to the fact that V, + 0 as k > 0 and, consequently, 
V,,1s small in comparison with A,. It should be noted that, by 
virtue of the analogy between the weak vector current and electro- 
dynamic current, V, is the same as the matrix element of the 
electromagnetic conversion decay 


2° > A + et +e. 
Retaining only dominant terms in the matrix element, it is easy to 
obtain 


3G7AS g? 

Wirt _,j04et4y = So, if P= +1, 
2/5 2 

West _,a0+et 49 = Se if P= —l, 


If we assume tentatively that g, = 1, then for P = +1 we obtain 
Wo+ = 0:7 x 10® sec, Wy- ~ 1:1 x 10° sec-?. The difference 
between these probabilities is associated with that of the masses 
of the X'*- and 2~-hyperons and, consequently, of the correspond- 
ing values 4, and 4_. 

Making use of data on the lifetime of the 2”-hyperons, it is 
easy to find that the fraction of the » — A decays must amount to 


~0:5 x 10-* for 2*-hyperon, and 
~18 x 10-* for 2--hyperon. 


The ratio Wy+.40/Wy-440 © 0°6; it does not depend on the 
assumed value of g, or f;. 

Measurement of this ratio would be of great interest, since it 
would allow a check on the hypothesis that the strangeness conserv- 
ing current has a definite G P-parity.f 


+ For data on the probabilities of 2’ 4 ev decays see Table 8 on p. 220 
(note added in 1964). 


CHAPTER 9 


STRANGENESS CHANGING 
LEPTONIC DECAYS. 
GENERAL PROPERTIES 


WE NOw proceed to a new chapter dealing with the leptonic decays 
of strange particles. 

In Chapter 1 the scheme of the weak interactions was described. 
According to it, the four currents éy, Ziv, np, Ap interact with one 
another either directly or via certain intermediate vektor-bosons. The 
interaction of these currents gives rise to all weak processes (Fig. 17). 


FIG. 17 


To start with, we considered interactions involving only leptons 
(muon decay and neutrino-electron scattering). Then strangeness 
conserving decays of strongly interacting particles were studied. 
These decays resulted from the interaction of the current jp with 
the currents év and jv. We proceed now to decays resulting from 
the interaction of strange particles with leptons. 

In our model the only current that can lead to strangeness non- 
conservation in strange-particle decays is the strange current A D; 
hence all strangeness changing decays of strange particles must be 
determined by the current Ap. It should be noted that not every 
leptonic strange-particle decay is due to the strange current A D; 
but only those in which the strangeness of the strongly interacting 
particles changes. For example, the X* > A® + e* +» decay, 
which we considered earlier, is due to the nucleonic current ip. 
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HYPERON DECAYS 


To what decays does an interaction of the current Jp with 
leptonic currents lead? It is quite obvious that there will be the 
transition ° > p + e+ ¥. This f-decay of the A°-hyperon is 
due to the currents év and Ap. The currents fv and Ap will give 
the decay A° > p + w- + ¥. The presence of these leptonic decays 
of A°-particle is already sufficient to give rise to leptonic decays of 
all other hyperons. 

Consider the f-decay of L-hyperon. As a result of strong inter- 
action, the 2-hyperon may go over to m- + A®°: L- +a- + A? 
(s denotes strong interaction). 

As the A-particle may decay into the proton, electron and anti- 
neutrino, the sequence of transformations will continue: 


S-+A°+¢a-se-4+F74+ptnu- 


(w denotes weak interaction). 
As a result of the strong interaction, x” may get absorbed by a 
proton: 


S-+A°+a-Se-+Ft+pta sre +t n. 
This sequence of reactions can be presented graphically by Fig. 18. 


Thus, knowing that there exists the 6-decay of A-hyperon, and 
that the 7-hyperon is connected by strong interactions with the 


Fic. 18 


»&--hyperon, we find that the 2--hyperon must have the decay 
S->n+e-+4+ 9; also the decay +” > n + w + ¥. The sequence 
of transformations in the f-decay of the cascade hyperon 1s easy to 
construct: 


E-SK-+A° 3 K-+pte-+73At+e-ss. 
if K- + p form instead of a 4° a 2°, then there will arise the decay 
BF 3 D°+te-4+ 7. 
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The chains describing these decays are presented graphically in 
Fig. 19. 
Analogously one has the muon decays of the &~-hyperon 


[x] 


> ANAS) + 


and the decays of the neutral cascade hyperon 
o> dt + e-(u-) + 9%. 


Thus, the combination of weak and strong interactions results in 
the leptonic decay of all hyperons. In the same way the presence 
of the leptonic decay of A-particle leads to leptonic decays of 
K-mesons. 


K-DECAYS 


Consider the K*-meson. As a consequence of the strong inter- 
action it may become p + A. The virtual A-particle may decay as a 
result of the weak interaction: 


K+ +p+Ater(uy)+v+pH+p. 
For virtual protons and antiprotons there are a number of possibi- 
lities. 

1. The proton and antiproton annihilate completely and no 
strongly interacting particle remains. Then the decays K,,(K* > 
e+ + v) and K,.(K* > wt + ¥) arise. The K,2-decay has so far 
not beeen observed, while the K,,.-decay contributes 60 per cent 
of all decays of positive K-mesons. 


2. The proton and antiproton become a 2°-meson. Then the 
decays K, (Kt+>e*++y+4+2°) and Kj,(K* > wt +9 4+ 2°) 
arise. 

The probability of each of these amounts to about 4 per cent of 
the total probability of the decay of the positive K-meson. 
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3. The proton and antiproton annihilate into two z-mesons. 

Then the following decays arise: 

K+ set +9 + 27°, 

Kt saert+yv4t¢utta, 

Kt > ut + 9 + 27°, 

Ktsaut+v+atga-. 
These decays are called the K,i and Kj,. First of these has recently 
been observed.} Because of the smallness of the phase space the 
K,,-decay rate is expected to be, according to a theoretical esti- 
mation, of the order of (10-3-10-+) of the K,3-decay rate. The 
K,,4-decay rate is expected to be an order of magnitude lower than 
the K,,4-decay rate. 

It should be mentioned that, in principle, the virtual proton and 
antiproton may even go over into three m-mesons, but such a 
K,.s5-decay is rather unlikely and, probably, will not be observed 
Soon. 

Decays of the K--meson can also be considered in an analogous 
way. 

Here the distinction consists only in the fact that the K--meson 
becomes, as a result of strong interactions, the antiproton + A-hy- 
peron. Then, as a consequence of the weak interaction these parti- 
cles become the antiproton + proton + e~ + @. 

In the same way the decay of the neutral K°-meson will take 
place: K°o+nt+Aret(ut)+u4¢n4 6. 

The pair m + p possesses a charge, hence the K,, and Ky, decays 
are forbidden. However, the Ke, Ky;, Ku, Ky, decays should 
occur. 

Thus, it is seen that in order to account for a number of strange- 
ness changing leptonic decays of strange particles it is quite 
sufficient that the pair Ap interacts with leptons. Moreover, the 
existence of some still undetected decays is predicted with absolute 
certainty. 

The choice of 4-hyperon as the only representative of the strange 
particles in the strangeness changing current puts very strict 
restrictions upon Jeptonic decays of strange particles. What are 
they? 


7+ At present about 100 cases of K,4-decays are registered; see p. 22! and 
Table 9 on p. 221 (note added in 1964). 
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Since in our current either the “4 goes over to the proton or the 
proton goes over the to 4, strangeness is changed only by unity: 
[A S| = 1. 

This means that there cannot exist leptonic decays in which the 
strangeness of strongly interacting particles changes (to first order 
in the weak coupling constant) by an amount larger than unity, 
for example, by two. 

The decay of the cascade hyperon =- — n + e~ + ¥ would be 
such a decay. 

The strangeness of the cascade hyperon is minus 2, while that 
of the neutron is 0; it is seen that strangeness in this decay would 
be changed by two, whereas our current allows strangeness to be 
changed only by unity. 

The same holds for the decay of the neutral cascade hyperon 
°-+p-+e-+% and to the decays with u-meson emission: 
"S32 Ate +7, F2 > pty +s. 

All these decays are forbidden, if the current (1p) is the only 
Strange current. 
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AQ=AS RULE 


In this model there is one more selection rule. In the A > p 
transition the charge of strongly interacting particles increases by 
unity (4Q = +1). Strangeness in this decay also increases by 
unity (4S = + 1). Consequently, 4Q = AS. In the A > #p tran- 


sition the change in the charge is 40 = —1, while that of the 
strangeness is 4S = — 1, and so againdO =AS. 
Thus, in our scheme the weak interaction obeys the rule 
AQ=AS. 


This leads to a number of rules in leptonic decays of strange 
particles. In particular, the 2*-hyperondecays2*+ > n + et(ut)+y 
are forbidden. 

Ascaneasily be seen, for thesedecays4d O = —1,whileAS = +1 
and, consequently, 4Q + AS. This forbiddenness is particularly 
interesting in connection with the fact that the analogous 2-- 
hyperon decays 24> — n + e-(w-) + #areallowed bythe4Q =AS 
rule and must take place (see the beginning of this chapter). 
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It should be noted that the decay 
A*>p+a* +e +7 


does not contradict the AQ = AS rule. 

However, because of smallness of the phase space this decay is 
strongly suppressed. 

In an analogous way it follows that the decays 


Koon +et(ut) tr and K° oat + e-(u-) t F, 


for which 4d Q = AS, are allowed, whereas the decays 


K° >a +e*(u*)+y and K®° >at + e-(u-) + %, 


for which 4Q = —AS, are forbidden. We shall return to these 
matters later on, when the properties of neutral K-mesons are 
discussed (see Chapter 15). 

Applying the dQ = AS rule to the K,, decays it is readily seen 
that the decays 


K- > at +7 + e*(u*) + ”, (*) 
K* > 22° + e* (ut) + 9 (**) 
are allowed, whereas the decay 


K* > 2at +e-(u)t+7 
is forbidden. 

In connection with this prediction the detection of K,,-decays is 
of great interest. In emulsions, the decays (*) and (**) should look 
like anomalous t-decays, because three charged particles are pro- 
duced in them. It would be very interesting to establish that the 
decay (*) exists and that the decay (**) is forbidden. The fact that 
they are similar to each other may lower substantially the possible 
systematic error in estimating their relative probability. The same 
goes for the corresponding K,,4-decays. Finally, fromthe 4Q = AS 
rule it follows that the decay =° — 2- + e+ + » is forbidden, 
whereas the decay 2° — X* + e- + #158 allowed. 

It should be noted that the 40 = AS rule is strict to within 
corrections involving the weak interaction. Virtual electromagnetic 
interactions cannot violate it, because electromagnetic interactions 
conserve strangeness. The same refers to the |4 S| = 1 rule. 

5 EP 
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AT=}RULE 


The rule which we are going to discuss is valid to within electro- 
magnetic corrections, because it refers not to the change in strange- 
ness but to that in isotopic spin, and electromagnetic interactions 
do not conserve isotopic spin. 

From the fact that the isotopic spin of the A is zero, while that 
of proton is 4, it follows that the current Ap changes isotopic spin 
by 4. The same conclusion can be expressed as follows: the current 
Ap is an isotopic spinor. From this property of the strange current, 
experimentally observable inferences can be derived; in particular, 
one can interrelate the probabilities of the K,3 and K,,3 decays for 
charged and neutral K-mesons. 

Let us interrelate the probabilities of the decays 


Ktoet+v4+n°, K°>et+y4+a2-. 


For convenience denote the pair e+ + » by L*. Then 
K+ > Lt + n°, K° 3 Lt +a-. 


The fact that isotopic spin in these decays changes by 4 can be 
thought of, but only as a figment of imagination, as if Z had an 
isotopic spin of 4 which it carries away. If L is an isotopic spinor, 
then beside the component L* there must be a component L’°. 
But the introduction of the L°-component is mathematical fiction, 
and no physical meaning can be ascribed to it! 

Introducing the idea of the isotopic spinor L, we can assume 
that in the reactions 


K+ oL++a2° and K®°5L+ +27 


the isotopic spin is conserved. 

In order to obtain the ratio between the probabilities of these 
decays, we shall make use not of the usual mathematical methods 
but of a method proposed by Shmushkevich, which enables one to 
obtain in an easy way the simplest isotopic relations. 

Consider a sample consisting of K-mesons. Let the number of 
K*-mesons in the sample be equal to that of K°-mesons. It can be 
said that in this case the sample is isotopically unpolarized. The 
K-mesons of the sample will decay according to four different 
channels: 

(1) Kt > a+ +L, (3) K° >> +L’, 
(2) K+ > 7° + Lt, (4) K° > n° + L°. 
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By virtue of the mirror symmetry of the reactions on the same line 
the reaction rates are 


W, = Ws, W, = W,. 


As the sample is isotopically unpolarized, while-the interaction, 
after the introduction of the L°, is isotopically invariant, the decay 
products must be isotopically unpolarized. 

This means that there must be the same number of the zt-, 2-- 
and s°-mesons. 

Whence we find at once that W, = W; = W, + W,. 

Taking advantage of the fact that W, = W,, we can rule out 
fictitious reactions containing L°, and obtain the relation between 


W W.: 
2 and W(K&) = 2W(K3). 


We have just obtained the relation between the K,3-decays of the 
neutral and charged K-meson. An analogous relation, of course, 
is valid also for K,,3-decays. 

When we discuss K}- and K3-mesons we shall return to these 
relations, but even here it should be stressed that an accurate 
measurement of the probabilities of neutral K,3- and K,3-decays 
would be of great interest. 

Analogous relations can be established between the decays 


S-> Lote +7 and FE°o S++ e74 38. 


The ratio of the probabilities of these processes must also be 
equal to 4. 


VECTOR CURRENT Ap IS NOT CONSERVED 


We now proceed to the question as to whether or not the vector 
part of the current Ap is conserved. The vector current “ip conser- 
vation law allowed a number of important conclusions on the 
strangeness conserving vector interaction to be derived (equality 
of the constants of the f- and u-decay, prediction of the 7* > 2° 
decay rate, weak magnetism). In fact, it is easy to see that the 
vector current Ap is not conserved. This follows from the differ- 
ence between strong interactions of the 4-hyperon and proton. 
We observe that even the difference in the properties of the proton 
and neutron, which is of electromagnetic nature, Jeads to the fact 
that conservation of the vector current 7p is not exact, but holds 
only to within electromagnetic corrections. However, the properties 


5* 
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of the A-hyperon and proton differ to a much greater extent than 
those of the neutron and proton. Their masses differ by about 
170 MeV, and not by 1-3 Me V—the neutron-proton mass difference. 
These particles have different isotopic spins (0 for A, and 4 for p) 
and different strong interactions. All this provides grounds for 
assuming the vector current Ap to have a divergence substantially 
differring from zero. Non-conservation of the vector current Ap 
deprives us of a number of inferences which we have had in the 
case of the current ip. First of all, we can no longer expect that 
the vector constant of the 4-hyperon f-decay will remain un- 
changed under the action of virtual strong interactions. In order to 
see this in more detail, let us return to the neutron f-decay. 

Why does the vector constant of the neutron f-decay not change? 

In calculating the decay of a “dressed”? neutron we should, 
in principle, take into account three types of strong interactions. 
First, we must take into account the fact that the neutron inter- 
acts before it disintegrates; it emits and absorbs virtual particles. 
Secondly, we have to take into account that the emitted proton 1s 
also strongly interacting. Finally, the neutron may emit virtual 
particles which wil] be absorbed by the proton. 

Thus, there are three types of graphs (Fig. 20). In these graphs, 
the blocks representing the strong interaction are hatched. 

The fact that the neutron and proton pertain to the same isotopic 
multiplet and have the same strong interactions results in a can- 
cellation among the contributions of all the three diagrams, and 
the “dressed’’ constant of the vector interaction turns out to be 
equal to the “bare” one. In the case when the strong interaction 
of the particles before and after decay is different there is no reason 
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for expecting compensation of the contributions of the three dia- 
grams. 

The strong interactions of the A-hyperon and the proton are 
essentially different. Hence we have no grounds for expecting the 
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A-hyperon fs-decay to have the same constant as the neutron 
fi-decay; we know that strong interactions may change very 
substantially the constant of the A-hyperon f-decay. There is 
nothing surprising in this change. 

Thus, in the case of the strangeness changing decay of strange 
particles, we do not have a vector current conservation law and, 
hence, we have no analogy with electrodynamics. Moreover, in 
this case, we do not have G-symmetry. This is because under the 
G-transformation the pair Ap goes over to itself and, consequently, 
may have a definite G-parity, while the pair Ap has no definite 
G-parity, because under the G-transformation it goes over not 
into Itself but into the pair AA. 


HYPERON-DECAY PROBABILITIES 


The absence of the G-symmetry and vector current conservation 
law leads to the fact that both “‘weak dipole” and ‘“‘effective scalar”’ 
terms are allowed in the matrix elements of hyperon f-decays. 
Therefore the hyperon f-decay is described not by four terms, as 
in the case of the neutron, but by six terms. Such a decay as 
A->p+e—4+¥% is described by matrix elements having the 
form C = Pe + Py = Pa ~ Pp) 

G . 
M = 73 (V, + A.) ey, + ¥5) uy; 


V = Unt Va + foFop 9p + f39.] UA, 
Ay = Up 21a + &2Fap 9p + £39al Ysua- 


As to the six unknown coefficients f and g, we know only that by 
virtue of the combined parity conservation they are real. Since 
we do not know the value of these coefficients, we cannot deduce 
the probability of the A-hyperon /3-decay. Therefore any theoretical 
prediction of the hyperon f-decay rate 1s for the present out of the 
question. 

It has frequently been stated that there are contradictions be- 
tween the theoretical hyperon decay probability and experiment. 
What does this contradiction mean? Since we are unable to calcu- 
late any of these six coefficients, the most reasonable thing that 
can be done is to eliminate terms proportional to the momentum 
transferred, i.e. to assume that f, = fg = g2. = g3 = 0. 
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Further assume that f, = g, = L, although, speaking strictly, 
we have no grounds for this. 
Thereupon we reduce the matrix element to the form 


G _ _ 
M= 7g tora! + 5) Ugtey.(1 + Ys) &- 


We know that this matrix element is only a guess, but we can 
at least use it to calculate the decay probability. Decay probabilities 
obtained in this way are called “‘theoretical probabilities”. Stan- 
dard calculation gives for the “‘theoretical probability” the formula 


G*A°C 


Y= 


In this formula, 4 is the maximum electron energy, 4 = 
(My; — Mx)/2 My, where M, is the hyperon mass, while My is the 
nucleon mass. The dimensionless coefficient C takes account of the 
recoil. When 4 > 0, C > 1, while when 4 — M,/2, C > 2:5. Thus, 
C does not change strongly from decay to decay. 

In the limiting case J — 0 our formula is the same as that for 
the neutron f-decay rate 
G7A°(1 + 3a?) 


Vn = 6023 , 


if in the latter we put « = 1 (« is the ratio of the axial to vector 
constant). 

In the limiting case J — My/2 the formula coincides with that of 
the u-meson decay rate: 


G? nw 
Vn = 19223 ° 


By means of our “theoretical formula”’, it is easy to calculate that 
the B-decay rate relative to the total decay rate should amount to 
1:5 per cent for the A°-hyperon (A > p + e- + 9), 5:8 per cent 
for ~-hyperon (2- + n + e~ + %), and 6 per cent for £--hyperon 
(5- — A®° + e~ + #). What has so for been observed is only about 
fifteen A — p + e~ + % decays per 17,000 hyperons, and a few 
2-—>n + e- + % decays per 5000 --hyperons. Since there are 
many uncertainties in the effectiveness of observing hyperon 
B-decays, the probabilities of these decays cannot be estimated 
accurately. 
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Experimentalists, however, give the following estimates for lep- 
tonic decays of hyperons: 


A+rp+e—+%x 0-2 percent, 
Xs-+>n+e->+ 92 0-1 percent. 


It is seen that the “‘theoretical’’ and experimental estmates are in 
considerable disagreement. tf 

What does this disagreement indicate? Either that renormaliza- 
tion is very essential, or that the hypothesis of universality of the 
weak interaction is incorrect and the constant of interaction with 
leptons for strange currents several times lower than for the nucle- 
onic current. 


UNITARY SYMMETRY AND WEAK INTERACTION 


We have stressed above that the first possibility seems to be 
very likely, if the difference between the strong interactions of the 
nucleon and /-hyperon is taken into account. However, if this 
difference is disregarded, then renormalization effects in strangeness 
changing leptonic decays should be the same as in strangeness 
conserving leptonic decays. In the approximation of unitary sym- 
metry (see Chapter 1) the strong interactions of 4, n and p are 
strictly the same. 

Consequently, within the framework of unitary symmetry the 
fact that leptonic decays of hyperons and (as will be seen in what 
follows) K-mesons are suppressed cannot be accounted for by the 
renormalization effects of strong interaction and requires for its 
explanation the assumption that the universality of the weak 
interaction constant should be abandoned (hypothesis of restricted 
universality). 

We shall not discuss here this possibility.+ 


+ For experimental data on leptonic decays of hyperons see Table 8 on 
p. 220 (note added in 1964). 

+ For a detailed consideration of the weak interaction in terms of unitary 
symmetry see Chapter 20 (note added in 1964). 


CHAPTER 10 


STRANGENESS CHANGING 
LEPTONIC DECAYS. 
K-DECAYS 


IN THE preceding chapter we considered the isotopic properties of 
the strangeness changing weak interaction, and estimated the 
probability of hyperon f-decay. We shall try now to find out what 
data confirm that this interaction is of the form V—A, and what 
experiments are necessary to obtain the data that are missing. 

Basic data on the strangeness conserving interactions were 
obtained from experiments on the neutron f-decay. However, for 
the strangeness changing interaction an analogous procedure is not 
adequate, because the hyperon f-decay is an extremely rare event. 

The K-meson decays K,., K,3 and K,3 are the main source of 
information on strangeness changing interactions. 


K,2-DECAY 
The Kj,,-decay (K* > uw* + v) amounts to about 60 per cent 
of all decays of positive K-mesons. It is analogous to the z,,.-decay 
(7* — u* + ¥). The Kj,-decay rate is calculated in the same way 
as the z,,.-decay rate, and is equal to 
2 {2 2\2 
Wet, = els ny, Mr ( — “| , 
where G is the weak interaction constant, M,, My are the masses of 
the muon and kaon, while /; is an unknown constant due to the 
strong interaction. 

First of all, we find from experiment the ratio of fg to the corres- 
ponding z-meson constant. The ratio of the Ki, to 75-decay rate is 
equal to - m,\? 7? 

W(Kt > ut +7) (fy\? me a (me 

Watt +) ) Ma | 4 (= ) 

| 1, 
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=~ 17-5 (Ze), 


K-DECAYS 127 


From experiment Wxt, = 5 x 10’ sec-!, Ws, = 4 x 107 sec-! 
and, consequently, Wx+,> Wi, © 1:25, whence it follows that 


(FE) & 

fe} ~~ 14° 

Thus, fx is an order of magnitude lower than f2. This is consistent 
with the fact noted before, that hyperon f-decays are suppressed. 
The decay of K+-meson is undoubtedly connected with that of the 


hyperon. The point is that the decay of K+-meson can be thought 
of in the following way (Fig. 21): as a result of the strong inter- 
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action, K* goes over to p + A (vertex 1), and p + A on account 
of the weak interaction go over to /+ + y (vertex 2). Therefore if 
vertex 2 is suppressed, it can be assumed that the entire sequence 
will be suppressed. Unfortunately, we cannot say anything more 
definite, because for this a theory of strong interactions would be 
necessary. 

We know that the current Ap is the sum of two currents—an 
axial and a vector current—like other weak currents. Which of 
these currents is seen in the K,,.-decay? The answer to this question 
depends on the parity of the K-meson. If the parity of the K-meson 
is odd, then the K,.-decay is due to the axial current, and if the 
parity is even, the decay is due to the vector current. In the Sakata 
model the parity of the K-meson is defined as the product of the 
intrinsic parities of the A-hyperon and nucleon constituting the 
K-meson and their orbital parities. We can always choose the 
parity of the A-particle to be equal to that of the nucleon: P, = Py. 
This can be done because in strangeness conserving strong inter- 
actions J does not go over to nucleon. In weak interactions A goes 
over to nucleon, but in weak interactions parity is not conserved. 
Therefore the parity of the 4-particle relative to the nucleon can 
be chosen in an arbitrary way. When P, = Py = +1, Pg = —1 
if p + A are in a 'S-state, while if p + A are in a 3Sp-state, then 
Pe= +1. 
5a EP 
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The parity of the K-meson relative to the 4-particle and nucleon 
is most likely to be odd, i.e. the K-meson like the z-meson is a 
pseudoscalar particle.f In this case in the K,,2-decay an axial inter- 
action “‘operates’’. However, all the results obtained in this section 
would not be changed if the intrinsic parity of the K-meson is even 
and if the vector interaction is responsible for the K,,.-decay. 

Thus, we shall assume that the axial interaction is responsible 
for K,,.-decay. To what degree do available experimental data 
confirm this? For a K-meson with an odd parity the K,,.-decay 
could be due, beside to the axial, only to a pseudoscalar term. 
(In the case of even parity, one would have to choose between 
vector and scalar. Tensor interactions cannot lead to the K,,- 
decay, no matter what the parity of the K-meson is.) An indication 
that the interaction of leptons with the strange current is the same 
as with the nucleonic current is the fact that ~*-mesons in the 
K,,.-decay have a complete left-handed polarization, like ~*-mesons 
in the z,,.-decay. 


Ke2-DECAY 


Perhaps the weightiest argument in favour of the statement that 
the interaction in the K,,.-decay is actually an axial is the fact that 
no K,.-decay has so far been observed. If indeed an axial inter- 
action takes place here, as in the case of z,.- and x,,.-decays, the 
ratio of the decays WK — e + v)/W(K > uw + ¥) must be propor- 


tional to » 
1. \~)- 
| — 
m Mx 7 l 


2 
m 1 7 (~ )] ~ 40,000 * 


Mx 
For a pseudoscalar interaction this ratio would not contain the 


m,\? , 
factor () and would be of the order of unity. To verify that 
v 
there is no pseudoscalar in leptonic decays of strange particles, a 
precise measurement of the K,,-decay rate appears to be funda- 
mental. 
The universal scheme is certainly very fine, but there is no 


complete evidence that it is actually realized in nature and, for the 


J At present it is expcrimentally proved that the K-meson is a pseudoscalar 
particle (note added in 1964). 
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present, it is not checked at a number of points—the above is 
one of these. Experiments have not yet proved that the interaction 
of leptons with strange particles is the same form as that with 
nucleons, although there are indications that this may be so. 
Moreover, measurement of the ratio K,./K,. 1s important for 
another reason. Assume that the u-meson has a certain anomalous 
interaction with strange particles. Then the ratio K,./K,. may 
change. So, measurement of the K,.-decay rate might establish 
Whether or not the w-meson has any anomalous interactions 
with strange particles. Such experimental data are for the present 


very indefinite and give 
W(K* > e* + v) 
W(Kt > ut + 4) 


< 0-01. 


Ke3-DECAY 


We pass on to a discussion of what is known about the vector 
interaction in strangeness changing leptonic decays of strange 
particles. If the axial interaction leads to the leptonic decay of 
K-mesons in which they disintegrate into leptons, the vector inter- 
action produces a decay where the K-meson gives rise to a 7-meson 
along with leptons, i.e. the vector interaction should lead to the 
K.3-decay (K* > 2° + e* + v)and K,3-decay (K* > 2° + wt + 7) 
and to analogous decays of neutral K-mesons. 

In what follows we shall consider in detail the K,3-decay, because 
it is much easier to consider than the K,,3-decay. We shall write its 
matrix element, calculate the decay rate and see that this decay, 
like the ones considered above, is suppressed in comparison with 
the corresponding decay of the a-meson (a* > 2° + et + »). 
Then we shall consider the spectra of the secondary particles 
arising from the K,3-decay. 

We begin with the matrix element of the K,3-decay: 


M = f2Gg(En) Fax PKailyYa(l + 75) Ue- 


We see that this matrix element depends only on one unknown 
function g(£.,). All the rest is known. Such a matrix element is 
obtained from the following considerations. In general, the matrix 
element depends on two arbitrary functions /, and /,, contained in 
the quantity V, (see p. 72): 


Vi. = Si Pra + S2Pax: 
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Multiplying the 4-vector V,, by the leptonic current @,y,(1 + ys) u, 
and taking into account that p, = px — gandq,%@,y,(1 + ys)u, = 
m,ii-(1 + ys) u, = 0 (disregarding the electron mass), we obtain 
our matrix element. The function g depends on q*, but, because 

= (pe — p,)? = m2 + m — 2mzE,, we can write g as a func- 
tion of E, instead of g?. (It is easy to see that 2g = f, + fo.) 

With the matrix element, we can now calculate in a standard 
way any characteristic of the K,3-decay that interests us. The 
K,3-decay probability is equal to 

(2x)* ¢ dp. dp, dp, |M|? 


awww ff WAS UU LS 4 _ _ 
dW = Gm? | DE DE, DE, DE, ° PK ~ Pa ~ Pe Po) 


where the bar denotes summing over the spin states of the leptons. 


|M|? = 2G? g* PxxPxp SPBeYa(l + Ys) Pyyg(l + vs) 
= 26727 DxsPxp-2-SP DeVaPv¥a(1 + Ys) 
= 4G? 8? DaP KBP eoP rx SP YoVal ep 
= 16G’g * PKxPKpP co Pvt (Oov928 + 0x29 Bo ~ O19) 
16 G* g* DepPrx(2PKePKe — PRr) 
= 16 G? 8? DeaP up (2PKxP Ke — DxOxg)- 


PION SPECTRUM 


We calculate first the z-meson spectrum. For this it is necessary 
to integrate with respect to the momenta of e and ?: 


é€ d v 
[ Pest Bet vet? — O° (Pe + Dy — q); where qq =PrK— Pz. 
We calculated this “integral in considering the muon decay (p. 62): 
dpe Ap, 
| PexPs3 ee 9 (Pe + Py — 9) = = (24.99 + q*0,). 


If we employ this integral and take into account that the inte- 
gration over the angles of the z-meson gives 4, then we can 
write 

IW = 2&4? AP 2pKabxs — Prove) [24298 + 9 Ona] 
(22)? E,, Ey 6 


where p denotes the absolute value of the z-meson 3-momentum: 
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Multiply the expressions in brackets: 
[2PKxoPKp — Pra] (24a9p + 9756] = 41(pKq)? — pq?) 
= 4[(px, Px — Px)? — De(Pe — Pd”) 
= 4[(pxp2)” — DkPal = 4(m EZ — mim) = 4mzp?. 
If we substitute this into the expression for the decay rate and take 
advantage of the fact that pdp = E_dE_, then we obtain 
2 G2 3 
iW = Nx G* g* p dE 
122° 
Note that in the expression for the z-meson spectrum there is the 
unknown function g(E.). 
We can assume that the function g(E,) does not vary strongly for 
the -t-meson energy range involved in the K,3-decay. The presence 


of the function g is associated with virtual strong interactions, for 
example with loops of the type shown in Fig. 22. 
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Virtual baryons in this loop have masses substantially larger 
than the energy of the z-meson. Hence it can be assumed that the 
integral with respect to the momenta of these particles will not 
depend very strongly on the energy of the emitted z-meson. 

If the function g varies slightly, then the spectrum of 2°-mesons 
may be used for finding out if in the K,3-decay there is a vector 
coupling and not a scalar or a tensor. Both these types give spectra 
which have a peak and decrease as the maximum z-meson energy IS 
approached. 


TOTAL K,3-DECAY PROBABILITY 


If it is assumed that g(£,) is a constant, then the total K,3-decay 
rate can be calculated. We calculate it disregarding the z-meson 
mass. Then the integral is trivial and the total probability 1s equal to 
Gg? nz 


V = e853 
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Including the z-meson mass leads to an additional suppression 
factor of 0-6, and the K,3-decay rate reads 
5 
G erink . 0-6. 
76820° 
Having this expression, we can calculate the value of g*, making 
use of the experimental K,3-decay rate (Wx, ~ 3-4 x 10° sec~’). 
It turns out that g? ~ 2°5 x 10-7. In the 2,3-decay (7+ > a° + 
e+ + y) the corresponding coefficient equals two. Thus, the K,3- 
decay is suppressed at least by an order of magnitude in comaprison 
with strangeness conserving decays. t 


W = 


ELECTRON SPECTRUM 
Consider the electron spectrum in the K,3-decay. To find it, 
we have to integrate, the differential probability with respect to 
the neutrino and pion momenta 
d W — G? g? (2P K.P Kp ~ POxp) PexP vp ap. dp, dp. 
(27)? Ex E. Ey EE 
x O*(p, + Pe + Py — Px). 
We study the integral 
dp, dp, 
| Pn FOC, + Pz —"), where r= px — pe. 
This integral is a vector and can depend only on r, hence 
dp, ap, 
E,E,, 
Now we have to find the scalar quantity A. We multiply the left- 
hand and right-hand part of the equality by rz and, taking into 
account 2rp, = r* — m2, we obtain 
r2 


— me (dp,dp 
A= —— | 22 ts §4 _ 
oO r2 EE, ) (yp, +p, r). 


Pvp0* (py + Px — r) — Arg. 


Calculation of the remaining integral is extremely simple to carry 
Out in the system in which r = 0: 


dap, ap, ap, 
EE, ° P» + Pn ~~ r) = E,E,, 0(E, + En ~— ra) 
Pot r? — ne 
= 47 2 270 =) 


t If the unitary symmetry (in the sense we have been using it) of strong inter- 
actions and the universality of weak interaction operated, then g* would be 
equal to 4. 


As a result we obtain 


(7 = ney 


dp, ap,, 
= OD, + Py r) Pyp = ua 


EE, 


If this expression is substituted into the formula for the differen- 
tial Promwn | then 


G*g (r2 — mi)? Pe 
dw = (2 a ~ (2PKxPKp _ Dr xp) Pex ———g——— I an E, 

Making use of r = px — p, and passing to a system in which the 

disintegrating K*-meson is at rest (Ex = mix), we find 


Mg 


2 


r? — m= = 2mg(w, — Ee), 


r? = m2. — 2m,E, = 2g ( — E.). 


my, — ne 


21g 
Taking into account 


where w, = is the maximum energy of the decay electron. 


(2pK.PKp — PrOxp) Pexts = 2(PxPe) (Pkr) — De(Per) 
= m,E.(mg — 2E.), 


we finally obtain the following expression for the electron spectrum 
in the K,3-decay: 


dWw= 


In order to get an approximate idea of the character of this spec- 
trum, we may disregard the mass of the z-meson in comparison 
with that of the K-meson. Then 


2 2 2 G2 
My — Im My G* g* my 
we = —“~— 2 —* and dW =—2—* 


e- Ee E; d ee 

2m 2 ans | )Ee dk 

It is easy to find the maximum of this distribution. It occurs at 
| 5 We. 


Thus, it is seen that the electron spectrum must have its maxi- 
mum in the high energy region. 
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NEUTRINO SPECTRUM 


Since in the calculations we disregarded the electron mass, the 
neutrino spectrum will be completely equivalent to the electron 
spectrum. 

In the K,3-decay of charged K-mesons it is difficult to measure 
the neutrino spectrum. In the K,3-decay of neutral K-mesons the 
neutrino spectrum may be easier to measure than the spectrum of 
z-mesons or electrons. This comes about because in the K,3-decay 
of neutral K-mesons we can easily find the energy of the v in the rest 
system of the K°-meson by measuring the x* and e* momenta. As a 
matter OF F8CH (Px — Po)? = (Pa + Ped? 

Considering the left-hand side in the rest system of the K°-meson, 
and the right-hand side in the laboratory coordinate system, we 
find my — 2m EP = m+ 2ELE. — 2p,pe- 

Thus, knowing the momentum distribution of z* and e* in the labo- 
ratory coordinate system, one can construct the neutrino spectrum 
in the K;3-decay in the rest system of the K-meson. 

If the AT = 4 rule, considered above, is valid, then the neutrino 
spectrum in the K.j-decay should coincide with that in the K;- 
decay (and, consequently, also with the electron spectrum, because 
we disregard the electron mass). This statement does not depend 
on the possible form of the function g(£E.) and hence it would be 
of great interest to check it. 


CHAPTER 11 


STRANGENESS CHANGING 
LEPTONIC DECAYS. 
K.3- AND K,3-DECAYS (continued) 


THE characteristics of the K,3-decay, considered in the preceding 
chapter, depend essentially on the form of the function g(E,) 
which contributes a multiplicative factor in the expression for the 
matrix element: 


M = /2 Gg¢xG,PKailyYa(l + Ys) Ue- 


The function g is due to virtual strong interactions. We calculated 
the electron and pion spectra assuming the function g(£,) to be a 
constant. 

In order to find out experimentally whether the K,3-decay ac- 
tually results from a vector interaction, it is necessary to have cer- 
tain criteria which do not depend on assumptions (even if they are 
plausible) about the form of the function g(E,). Therefore it is 
interesting to investigate those characteristics of the K,3-decay 
which do not depend on the form of the function g(E£,). There are 
several such characteristics. The first of these is the polarization of 
electrons in the K,,-decay. 


ELECTRON POLARIZATION 


Since we disregard the electron mass, and the electron and neu- 
trino enter the leptonic bracket in a symmetric way, we can take 
bothof them to be two-component particles. The two-component na- 
ture of a particle with m = 0 is expressed mathematically by multi- 
plying its four-component Dirac wave function by the projection 
operator (1 + y;). In this case the particle (electron) must be po- 
larized in the same way as the neutrino, i.e. must have a left-handed 
polarization, while the antiparticle (positron) must be polarized 
like the antineutrino, i.e. must have a right-handed polarization. 
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The polarization of electrons in the K,3-decay is analogous to that 
in the neutron f-decay (— v/c), but electrons in the K.3-decay have 
v = c, hence their polarization is practically equal to — 1. 

There are very rare cases in which the electron polarization in the 
K,3-decay is not equal to — 1. These are when the z-meson carries 
away no energy, while the electron and antineutrino go off in oppo- 
site directions. The picture in these cases reminds one of the K,.- 
and z,>-decays where the electrons have a “forced”’ (right-handed) 
polarization determined by the antineutrino longitudinal polariza- 
tion and by the angular momentum conservation law. These cases 
are rather unlikely; they would be strictly fo1bidden if the electron 
mass were equal to zero. 

Thus, electrons in the K,;-decay should basically have a left-hand- 
ed polarization, while positrons in the K,3-decay should have a 
right-handed one. Experimental observation of K;-decays is made 
difficult by the fact that K--mesons are mainly captured and do not 
decay, so that in reality one has to do here with measurement of the 
positron polarization in the K,{-decay. This experiment is of great 
interest in connection with the fact that the two other interaction 
types—the scalar (S) and the tensor (T)—-which might be able to 
cause the K,3-decay, would give positrons with a left-handed 
polarization (under the condition that the neutrino in the K;- 
decay has, as before, a left-handed polarization). 


ELECTRON SPECTRUM AT GIVEN PION ENERGY 


Another characteristic of the K,3-decay, which does not depend 
on any assumptions about the function g, is the electron spectrum 
at a fixed z-meson energy. Since the function g depends only on 
E,,, by fixing E, we pick a single value of the function g. Therefore 
in the expression for the electron spectrum at a fixed z-meson 
energy the quantity g is in the form of an irrelevant common factor. 

In Chapter 10, the formula for the differential probability of 
the K,3-decay was obtained: 


dp, dp, dp, 


G? g* 
dW = —?>— )— 2 
(Ono mg \PePx) (Pox) — (PePr) Px] ELE. E, 


x O* (pe + Py + Pa Pr)- 
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We integrate over the neutrino phase space. Then the expression 
for the probability will become 


G? g dp.d 
dW = os Ee E,m- — m2.(E.E, — — PP) EE x 
dp. dp. 
x O(EF, + E, + Ey — nig) = = - ———~—mr[E.E, + pep, | EEE x 


x O(F, + E, + £,- my). 


The scalar product p.p, in this expression is easy to express in 
terms of £, and £,. As a matter of fact, in the rest system of the 
K-meson 


; ; Pe + Py = —Pnx- 
Squaring this: 


Pe + Py + 2PePy = Drs 
whence 


Px — Pe — Pr 
PePy = a 
where 

pe = Et, pa = Ex — M5, 

Py = EY — (Mx _ Ex _ a 
From this it is easy to obtain 
EE, + PePy = + ph _ (E, ~~ E.)*) = + [pr ~~ (mx _ Ey 7 2£E.)*). 
Integrate now over the angles of the electron and z-meson: 


dp.dp-~ 
|e OE + 1 E. + WAG + Pr + 2PePx) — mr] 


_ 8707 | pe|? | Px.|7 d|pe| d| p,,| — Sar-dE dE ; 


7 IPel |P-| 
EE, -——-——— 
EWE. E. 


Finally we obtain 
2 G2 
dW = — 5 — [Px _ (mx _ Ex ~~ 2 E.)*| dE,dE.. 
It 


The energy of the electron at a fixed energy of the z-meson varies 
within the range 


Mr — | io l Paul — Fpmn<c FS EM = me — Sat | P| 
9) é = — 
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The electron spectrum becomes zero at E, = E™" as well as at 


Np — Mz. 
E, = E™*, Tt has a peak at E, = —— (Fig. 23). 


NE) 


Fic. 23 Fic. 24 


For the scalar coupling the electron spectrum would have the 
shape shown in Fig. 24, while for the tensor it would have the 
shape given in Fig. 25. Interference of the scalar and tensor gives 
an asymmetric distribution (Fig. 26). 


Me : 
\S/ « 
TL Mal 

E é £ reg 
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Thus, a measurement of the electron spectrum at a fixed pion 
energy would allow the interaction in the K,3-decay to be deter- 
mined quite unambiguously. 


DALITZ PLOT FOR K,3-DECAY 


However, because one has to select events with a given pion 
energy, it is difficult to get enough of them. It is natural to ask: 
can any use be made of decays with different (but known!) energies 
of the z-mesons, treating the data in such a way that the results do 
not depend on the form of the function g¢(£,)? This problem was 
considered in detail by Kobzarev. 

The energy distribution of the products of three-body decays 
are conveniently presented on a diagram of the type of the Dalitz 
plot (see p. 153), representing an equilateral triangle. In the equi- 
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lateral triangle the sum of the distances from an arbitrary point A 
inside the triangle to its legs is a constant equal to the height of 
the triangle. It can easily be seen that this statement is valid, if 
one connects the point A with the vertices of the triangle (Fig. 27) 


= 


Fic. 27 


and notes that the sum of the areas of the three formed triangles is 
equal to the area of the initial triangle. 

If one constructs a triangle the height of which (in a certain 
scale) is equal to the energy released in a three-body decay, then to 
any given configuration of the decay products there will correspond 
a point inside the triangle, the distances from this point to the 


7 h 


Fic. 28 


legs of the triangle being equal to the energies of the particles 
arising from the decay. The energy conservation law Is in this case 
taken into account automatically. If there were only the energy 
conservation law and no momentum conservation law, then, in 
observing K,3-decays, we would fill in by points the entire triangle. 


140 STRANGENESS CHANGING LEPTONIC DECAYS 


The momentum conservation law singles out a certain region 
inside the triangle. 

For the K,3-decay the corresponding diagram has the form shown 
in Fig. 28. Here 7, = E, — m,is the kinetic energy of the z-meson. 


Y 


fy 
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The height of the triangle equals L = mg — m,, while y = T., 
E, _ E. 

y3 

Draw in this diagram the region allowed by the momentum 
conservation law (Fig. 29). This region is bounded by lines I and II. 


= 


X= 


~ 
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Line I corresponds to the maximum energy of the z-meson 


_ _ (nx — m,)? 
Y = Vinax = ome while line II corresponds to 3x? = 


y? + 2m,y (see p. 154). 
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Examining the diagram it is easy to see that the electron spec- 
trum, for any form of the function g(£.), should have the follow- 
ing property: the total number of electrons with an energy in 
the range OS EF, S$ $2" must be lower than that of electrons 
with an energy in the range 4E° S FE, S E™*. This conclusion 
follows from the symmetry of the diagram (Fig. 30) with respect to 
the vertical axis (the identity of the neutrino and electron spectrum). 
It should be noted that such a property is possessed not only by the 
vector coupling but also by the pure scalar or tensor variant. 

From this it is seen that the symmetry is violated only by the 
interference of the scalar and tensor. 


‘SSLIDING RAY” DIAGRAM 
If the diagram considered is somewhat modified by plotting on 
the vertical axis not the kinetic energy of the z-meson E£,,;, but 
its momentum |p.|, y) = |p|, and on the horizontal axis x’ = 
|E, — £.|, then the allowed region assumes a simpler form (Fig. 31). 
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It is easy to see that the energy distribution 
dW ~ [p, — (Ee — E,)*] dE, dE,. 
which we obtained earlier, will in the new variables assume the form 
dW ~ [y’* — x’*]dx'dy’. 
Let us now draw in our diagram the ray x’ = ay’, whereO0 Sa Sl. 
At a = 0 and a = | this ray coincides with the boundaries of the 
allowed region. We calculate the ratio of the number of points to 
the left of the ray to the total number of points. This ratio is equal to 


3 a’ 
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The result does not depend on the form of the function g(£,). 
For the scalar coupling it would be equal to R; = a, while for the 
tensor it would amount to Ry; = a?. 

From the aforesaid it follows that, if the distribution W(a) da 
is constructed, where E,—E, 

q = ——_,, 
Pr 


then this distribution will have the form 


W(a) da = 3(1 — a*)da for V, 
W(a)da=da for S, 
W(a)da = 3a’da for T. 


1 
(We choose the normalization f W(a) da = 1.) This distribution 


will depend on the sign of a only in the case where there is inter- 
ference of S- and 7-couplings. 


Kiu3-DECAY 


As distinct from the K,3-decay, which depends only on one 
unknown function, in the K,3-decay there are two such functions 
(see p. 72): 


M = /(2) GOK Gn [8PKx — Sal tyYa(l + Ys) Up: 


Here g is the sum of the 4-momenta of the leptons. Making use of 
the Dirac equation, the term proportional to fis easy to bring into 
the form of a “scalar interaction” 


—fm,u,(1 — ys) u,. 


In the case of K,3-decay this term was proportional to m,, and was 
disregarded. In the case of XK, it cannot be disregarded, because 
m,,1s not small. It is very important to stress that, by virtue of the 
universality of the weak interaction, the functions fand g, contained 
in the expression for the matrix element of the K,,3-decay, must be 
equal identically to those contained in the expression for the matrix 
element of the K,3-decay. The fact that all characteristics of the 
K,,3-decay (z-meson spectrum, spectrum and polarization of muons, 
and so on) depend essentially on two unknown functions fand g. 
makes the interpretation of experimental data more difficult than 
in the case of the K,3-decay. Assuming the functions f and g to be 
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constant and carrying out a standard (but rather lengthy) calcula- 


tion, one can compute the total probability of the K,,3-decay. It 
turns out to be | 


~w G? mk 2 ? 


As shown on p. 131, the probability of the K,3-decay is equal to 


G? 73.0-6 ¢? 


Ves = Tear 


(It should be stressed once more that in deriving these formulae we 
disregarded the dependence of the functions f and g on the energy 
of the z-meson.) It is known from experiment that the probabilities 
of the K,3- and K;-decays are about the same. 
Equating the probabilities that we calculated, we can find the 
ratio f/g: 
0-627 ~ 052° — 0-2f¢ + 0-05/?. 


This equation has two solutions: 


Las, Lr os. 
§ § 

The muon energy spectrum Is particularly sensitive to the magni- 
tude of f/g at low energies. For muon kinetic energies up to 30 MeV, 
the spectra corresponding to the two possible values of f/g differ by 
a factor of about 3. At large energies these spectra are approxi- 
mately the same. The muon polarization 1s even more sensitive to 
the magnitude of //g. 

The solution f/g ~ 4:5 corresponds to a predominant scalar 
interaction, while the solution f/g ~ — 0-5 corresponds to predo- 
minant vector interaction. Ifthe vector interaction is predominant, 
then the muons must have predominently a left-handed polarization 
(like electrons in the K,3-decay and neutron f-decay). If the scalar 
interaction predominates, muons must have a right-handed polari- 
zation.f Thus, determining the sign of the muon polarization 
(which is easy to do by measuring the asymmetry of the muon 
decay) one can establish the value of the parameter //g. 


+ This refers to muons in the K,,-decay. In the K i3-decay, muons have a 
right-handed polarization for the vector interaction, and left-handed one for 
the scalar interaction. 
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The tentative values of f/g given above may get changed rather 
drastically if the probabilities of the K,3- and K,,3-decays. which are 
at present known only with rather large uncertainties, get defined 
more precisely. Thus, if it should turn out that Wg,, ~ 15 Wx, 
then f/g ~ 4 

It should be noted that if f were equal to 4g, the matrix element 
of the K,3- and K,3-decays would be proportional to px + Pz 
and would be analogous to the matrix element of the ,,-decay, 
which is proportional to p,+ + p,o. Such an analogy should hold 
if the strong interaction of the A-hyperon and nucleon were the 
Same (unitary symmetry). f 

Concluding our consideration of strange-particle leptonic de- 
cays, we Stress that these decays are a rare caSe in which there are a 
number of strict theoretical predictions that may be verified ex- 
perimentally in a relatively straightforward way. Therefore their 
experimental investigation is one of the most important tasks in 
the physics of elementary particles. 


+ In considering X.3- and K,,3-decays in terms of unitary symmetry it is 
convenient to write V, in the form 
Vy = fi, Dx +f. da =f, (Da + Ex); 
where 
P=PK+ Pas 4=PK- Pa, §=S_I/f,. 


fo 


1— > 
It is easy to see that g=/_, f/g = > and, consequently, that to the 


value f/ ~s there corresponds ;~ 0. Experimental data on K,3- and K,3 
decays are in agreement with € ~ 0; see p. 256 (note added in 1964). 


CHAPTER 12 


NON-LEPTONIC DECAYS 
OF STRANGE PARTICLES. 
QUALITATIVE CONSIDERATION. 
6- AND t-DECAYS 


ALL processes that we have so far considered involve leptons. We 
first considered the interaction between leptons, and then that of 
leptons with the nucleoniccurrent. Finally, we studied the interaction 
of leptons with the strange current. 


INTERACTION OF THE fip AND Ap CURRENTS 


According to the scheme of universal weak interaction the 
nucleonic and strange current should interact not only with leptons 
but also with each other. We will now try to find out what the 
interaction of the currents 7p and Ap with each other will give. 


A ~p 


14 7 
FIG. 32 


The interaction of these currents can be presented graphically 
(Fig. 32). 

Here A turnsinto a proton, whereas the proton colliding with the 
A becomes a neutron. The two upper lines correspond to the tran- 
sition A — p, while the two lower ones correspond to the transition 
p-—n. The interaction of the currents ip and Ap has the form 


(ip) (Ap)*+ + (Ap) (ip)* = (ip) (pA) + (Ap) (pn). 
145 
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The graph shown above corresponds to the first term. However, 
along with the scattering processes the same interaction gives rise 
also to other processes. We have taken advantage repeatedly of 
the fact that the particle annihilation is equivalent to the anti- 
particle creation. If there is the process A + p > n + p, then there 
must also be the process A > p +n p. 

Thus, we have an interaction which transforms A into the proton, 
antiproton and neutron. 


A-HYPERON DECAY 


How, by means of this interaction, do the ordinary /-hyperon 
mesonic decays A° > p + a and A® > n + 2° take place? There 
are many ways for this to happen. For example, assume the proton 
and antiproton, interacting strongly with each other, become a 
m°-meson. Then we shall have the graph shown in Fig. 33. 


Fic. 33 Fic. 34 


One can assume the antiproton to be combined not with a proton 
but with a neutron; then we have a new graph (Fig. 34). 

Among the simplest diagrams are those in which the proton and 
antiproton annihilate without forming any z-meson and where the 
nucleon loop is closed (Fig. 35). 

As a result the 4 becomes a virtual neutron. (It is easy to see that 
the transition of the A-particle to a real neutron contradicts the 


yn 2)F | 
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energy-momentum conservation law: p?, = m?, + p? = mz.) Since 
the isotopic spin of the A is zero, while that of the neutron is 4, 
the change in the isotopic spin for such a diagram is equal to 
AT = 3. 
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We shall return to this later on. As a result of the strong inter- 
action, the virtual neutron can emit a z-meson. If a neutron emits a 
mz°-meson it remains a neutron, while if it emits a 2--meson it 
becomes a proton (Fig. 36). 


Fic. 36 


The diagrams we have considered are the simplest ones. As a 
matter of fact, all particles drawn in these diagrams are strongly 
interacting and undergo many interactions with one another. In 
this case the simplest diagram will get swamped by an infinity of 
lines of virtual particles. Since we do not have a theory of strong 
interactions, we cannot calculate the result of this superposition 
of an infinite number of diagrams. 

Proceeding from the simplest matrix element describing the 
transformation of the 4-particle into the proton, neutron and anti- 
proton, we cannot find an exact matrix element describing the real 
processes of the decay of K-mesons and hyperons. Therefore we 
take on a more limited task. We shall try to determine in our basic 
underlying interaction those symmetry properties that still remain 
conserved in the matrix elements, and shall see what properties of 
the matrix elements are determined by these symmetries. 

Thus, the interaction we study leads to 1-decay, but we cannot 
use it to obtain quantitative results. 


&- AND Z-HYPERON DECAYS 


In an analogous way it can be seen that there must arise non- 
leptonic decays of other particles. As a matter of fact, the 2-hyperon 
as a result of the strong interaction may transform into a m-meson 
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and a A. As for the A, we already know that it may transform 
into a m-meson and a nucleon. If now one of the a-mesons gets 
absorbed, for example, in the way shown in the diagram (Fig. 37), 
then a 2-meson and a nucleon will remain. 

The weak interaction (w) “operated” only at the spot where the 
A decayed, while all other virtual interactions are strong (s), hence 


FIG. 38 Fic. 39 


the decay of &-hyperons must have about the same probability as 
that of A-hyperons. 

Another possible diagram for the 2-hyperon decay 1s shown in 
Fig. 38. 

Again, as in the case of the /l-hyperon decay, the number of 
different diagrams corresponding to the virtual strong interaction 1s 
infinite, and we do not know which of these are essential and which 
are not. 

The decay of the cascade hyperon can easily be obtained in an 
analogous way (Fig. 39). 


K-DECAYS 


The four-fermion interaction (7p) (pA) is sufficient to give rise 
also to non-leptonic decays of K-mesons. For example, as a result 
of a strong interaction, Kt may go over into a proton and a A; 
thereupon in consequence of the weak interaction the proton and A 
may go over into a proton and an antineutron. The proton and 
antineutron may annihilate into z-mesons. 

The annihilation into one z-meson is forbidden by the energy- 
momentum conservation law, which also forbids the decay into 
four or more z-mesons. The transition into two and three-pion 
states 1s allowed and leads to the observable K,.- and K,3-decays 
respectively (Fig. 40). 

These decays are called, respectively, 6 and t decays. Their 
analysis led by the middle of the fifties to posing the problem of 
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parity non-conservation in weak interactions (famous “6 — 
puzzle’). In addition to the ordinary t-decay there is also the 
K* > 2* + 2n° decay, called 7’. 


Fic. 40 


Decays of neutral K-mesons into two or three pions can be ob- 
tained in an analogous way (Figs. 41 and 42). However, in these 
decays there is a special feature connected with the combined 
parity conservation. Shortly we shall return to these decays and 
consider them in more detail. 


Fic. 41 Fic. 42 


Thus, on the basis of the universal four-fermion weak inter- 
action we can obtain all known non-Jeptonic decays. But only 
qualitatively! The trouble is that the matrix element of any of the 
decays is very different from the interaction of currents from 
which it arose and is “‘dressed”’ by strong interactions, so that the 
connection between it and the interaction can be analysed only in 
the most general way. In particular, we cannot establish from 
experiment whether the baryon currents are actually of the vector 
and axial type, and whether the basic interaction is actually the 
product of two currents. 

Even if the four-fermion interaction involved all of the five 
possible types—scalar, tensor, pseudoscalar, vector and axial—we 
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would be unable to solve this problem, because we have no theory 
by means of which to pass from the basic interaction to the final 
matrix element. We cannot point to experiments which would 
enable us to determine whether the basic interaction has the 
form V—A. However, we can with certainty say that some symmetry 
properties of the underlying interaction must also be possessed by 
the matrix elements. 

We now study the structure of the matrix elements of different 
decays which follows from the Lorentz invariance requirement. 


K,2-DECA Y 
The decay K > 22 has a matrix element of the form: 

foPx mG 
Indeed, we have available only the meson wave functions and four- 
dimensional momenta. From these quantities we have to form a 
scalar. But the scalar products of the 4-momenta for a two-body 
decay can be expressed in terms of the masses of the mesons and, 
consequently, there remain only their wave functions. Such a 
matrix element corresponds to the fact that the two z-mesons, 
arising from the decay of a K-meson with spin zero, are in an 


S-state. Note that the parity of such a system is even. The unknown 
constant fj has the dimensions of energy: 


[fo] = [m]. 

A theory of strong interactions, if we had it, would allow us to 
calculate the constant fg. We can now estimate theoretically from a 
consideration of dimensions only its order of magnitude: 

fo ~ G(Xpmx)°, 
where xX 1s a quantity of the order of unity. The 0-decay rate is 
expressed in terms of fj in the following way: 


(22)* dp, dp 
= Bayete’ TE, 2E,Ime 0 + P2 — Px) 
_ fm = 4n2) 
7 162m 


Writing f in the form of G(xgm,)*? and making use of the experi- 
mental probability of the neutral K-meson 6-decay (~ 10!° sec-'), 
we find 

Xp ~ 0-7. 
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The K,,2-decay of the K*-meson is 500 times less probable than that 
of the neutral K-meson. The cause of this is for the present not 
understood. One usually relates this suppression with the AT = 

rule (see below). In this connection it should be noted that the total 
contribution of the two diagrams (a) in Fig. 40 is equal to zero 
within the approximation that the isotopic invariance of strong 


Fic. 43 


interactions holds exactly. Hence the basic contribution to the K+- 
decay should be given by diagrams of the type shown in Fig. 43 
and by more complex diagrams. 


K,3-DECAY 


In the case of the K — 3z decay the matrix element has such a 
form: M = farxghoheh. 
The dimensionless quantity /, (as distinct from fg) is not a constant 
but a certain function of the scalar products of the 4-momenta of 
the mesons taking part in the decay, i.e. a function of the energy 
of the z-mesons. However, because the kinetic energy of the 
st-mesons arising from the decay is low (the mean kinetic energy 
of the z-mesons is ~ 25 MeV), one can, in the zeroth approxi- 
mation, disregard the dependence of the function f, on the energy. 
From a consideration of dimensions it follows that f, = G(x,mx)?’, 
where x, 1s an unknown coefficient of the order of unity. 

We calculate the t-decay rate, assuming f, = const: 


(22t)* 2 dp, dp. dp; 4 7 
W.= SSP | op Se oe me 2E,.2E;.2m ~° (Pp, + P2 + P3 — Px). 


Here the indices 1, 2,3 refer to the z-mesons. We carry out the 
integration, disregarding the kinetic energy of the z-mesons in 
comparison with their mass. Integrating with respect to pz and p3, 


we obtain easily f? dp Ang 
t 1 ' 


a (22)> ‘167g m, 2m," 
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where g is the absolute value of the 3-momentum of the mesons 2 
or 3 in their centre-of-mass system. We shall express g by means 
of p,; for this we introduce the following variables: 
P2 + P3 = —Pi1> P2 — P3 = 29; 
Pp P1 
Pr=4- >> Ps = -4->- 


The total kinetic energy of the mesons 2 and 3 1s equal to 


_ Pr D3 
I, +13 = 2 2m, 
lL (pi >, Pi 7 l (2 7 
= —— |— — — = — {|— + 2 
smn | Piq + q T 4 + Piqdtr q 2m, 9) + q 


Taking into account that 7, +73; =Q-—T7,, where Q= 
My — 3m,, we obtain 


q = /[m,(Q — 37,)). 


whence pmax 
w= Le Df AT pr sli = 37) 
"  (QQx)? 2° m,,Mx 


max 


ft i aT, J1T,(2Q — 3T))} 


2% 473 


Mx 
0 
= Lf (22) f ya — yy] dy. 


0 


This last integral is easily calculated and equals 2/8. Finally we 


have 
y £20? 
*  212?3 ./3 mg © 


Writing f, in the form G(x,mx)? and making use of the experimen- 
tal t-decay rate (W, ~ 6 x 10° sec-*), we find x ~ 1. It is seen 
that the coefficients of the matrix elements of the K*,- and K°.- 
decays are approximately the same (if a value of the order of 
1/mx 1s taken as the unit length). This means that the matrix element 
of the K7,-dccay, as distinct from that of the K+,-decay, is not 
suppressed. That is why the probabilities of these decays differ so 
little. If the matrix elements of the two decays were equally allowed 
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(or suppressed), the K,,-decay because of the smallness of phase 
space would be about three orders of magnitude less probable than 
the K,,-decay. 

Taking into account the fact that the spin of the K-meson and 
7-mesons is equal to zero, it is easy to see that the total parity of 
the system of three z-mesons arising from t decay is odd. As we 
have already mentioned, the parity of two z-mesons in the K+,- 
decay is even. The discovery of two decay channels with different 
parities for K*-mesons (“‘@ — t puzzle’’) incited Lee and Yang to 
raise the famous question: “‘Does the weak interaction conserve 
parity?”’ 


DALITZ PLOT 


As already mentioned in connection with the K,3-decay (p. 138), 
the energy distribution of a three-body decay is conveniently 
presented in a diagram representing an equilateral triangle. Dalitz 
was the first to point this out, when analysing, by means of this 
diagram, experimental data on the t-decay. 

Let us consider the Dalitz plot for the general case when a 
particle with a mass m decays into three particles with masses m,, 


hey 
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m, and m3. We denote the corresponding 4-momenta by p, pi, 

Po, Pai Pi = (E;, k), Ej = T; + m;. The region of the variables 

T,, T> and 73, satisfying the energy conservation law, 
T,+7,+73 =mM—-—m,-—m,—m, =A, 

can be represented by an equilateral triangle with a height equal 

to J (Fig. 44). 


6* 
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However, not all of the points inside the triangle correspond to 
actual decays. A certain number of these points are forbidden by 
the 3-momentum conservation law 


k, +k, +k; = 0. 
It can easily be seen that the boundaries of the allowed region are 
determined by the equations 
kK, =k,+k, (line a 5), 
k,=k3,+k, (line 6 c), 
kz; =k, +k, (line c a), 


where k, = ./(E? — mi). 

If one takes into account the energy conservation law, transforms 
to the variables x and y, and gets rid of the roots, then these equa- 
tions can be written in the form of one equation: 


G/ 3x + Mm, — m3)* [(m— m,)* — 2my] — 2(./ 3 x + Mz, — M3) x 
xX (m— m, — y) (mz — mz) + (mz — m3)? — (y? + 2m, y) x 
x [(m — m,)? — 2m — 2my— 2myj] =O. 
If m, = 4,1, m2. = m, = 0, as in the case of the K,,-decay, then 
[((m —w— y)? — Quy — y*] (3x? — 2uy — y*] = 0, 
and we obtain 


_ \2 
y= (m — H) for the line a J, 
2m 
2 
—_ |) for the line bc, 
2 
x= — ja) for the line c a. 


In the case of t-decay m, = m, = m, = uw and the equation for 
the boundary assumes the form 

3x? [(m — p)? — 2my] — Quy + y?) [(m — w)? — 4? — 2my] = 0. 
It is easy to see that 


(m — pw)? — 4p? 
Vmax = ) . 
mM 


If we denote m — 34 = A and assume A < yp, then 


(4+ 2)? — 4u? 2 
max =O rr -, ro WD — 7 e 
2 3 
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Disregarding small terms, we get 
2 
x° — yG4 — y) = 0. 


Introducing the variable y’ = y — A/3, we see that the boundary 
of the allowed region in the case of t-decay in the non-relativistic 
approximation represents a circle of a radius 4/3, drawn inside 
the triangle: 

A 


2 2 _{4\ 
x+y? = (FS). 


A particular convenience of the Dalitz plot is connected with the 
fact that an area element dx dy of this diagram is proportional to 
an element of the phase space. This can easily be seen if it is recalled 
that the expression for the decay rate is proportional to 


dk, dk. dk 
fl? EEE, OP + Pp. + p3 — Pp). 


Integrating with respect to k,, we obtain 


dk, dk. 
dwen~I{fil E, EsE, O(£, + £, + £3 — E) 
kk, dE, dE, dcose 
~ 2 J**2 1 2 
fel | BE, x 


x O[E, + E. + JK + ki — 2kyk, cosy + m3) — E] 
= | f.|? dE, dE, ~ |f.|? dx dy. 


It should be stressed that this derivation is connected neither with 
the assumption of the equality of the masses m,, m, and m3 nor 
with that of the validity of the non-relativistic approximation. 
From this property of the Dalitz plot it follows that, iff, = const, 
then the distribution of the points in the diagram must be uniform. 
For the decay Kt — 22* + a” it was experimentally established 
that 


fl? ~ 1 4 02(— _ 1) 


max 


This energy dependence of | f,]? seems to be due mainly to the 
interaction between z-mesons which are produced in the t-decay. 
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K9- AND K3-MESONS 


Let us see where combined parity conservation in non-leptonic 
decays of K-mesons leads. First of all, it gives rise to the occurrence 
of two distinct types of neutral K-mesons: K? and K2. Where does 
the basic distinction between leptonic and non-leptonic decays of 
neutral K-mesons lie? 

Take, for example, the K®° > 2- + e* + » decay and perform a 
C P-transformation. We obtain K° > a+ + e- + %. It is seen that 
the disintegrating particles as well as the decay products under 
C P-transformation go over not to themselves but to their anti- 
particles: z~ goes over to 2+, e* to e-, vy to ¥. Consequently, neither 
the disintegrating particles nor the decay products have a definite 
combined parity. 

Take the K° > 22° decay. The combined parity of the system 
of two 2°-mesons is even. Thus, particles produced in the decay 
have a definite combined parity, whereas the disintegrating K°- 
meson does not: CPK® = K°®. Consequently, only a combined- 
parity non-conserving interaction could lead to the K° > 27° 
decay. But we are assuming that our interaction does conserve the 
combined parity. Is there any way out of this? There is, and one 
can easily see it if one considers the state representing a linear 
combination of K® and K®. 

Indeed, consider the state K} which is described by a linear 
K° — K° 
}2 
Perform the C P-operation on this state. Under the C P-transfor- 
mation K° will go over to —K°, while K® will go over to — K®, 

and as a result the state K} will go over to itself: 


superposition of the wave functions K® and K°: K° = 


fw 


K°—K° _— K®° — K° 


ZO __ —_ — 
CPK? = CPT = 2 = K?. 
Now perform the C P-transformation on the function K? = —_ 
(K° + R°: 2 
K° + K° K° + K° 
O __ __ __ VA 
CPK; = CPT = 75 = — K?. 


Thus, we find that CPK) = K?, while CPK3 = — K®. This 
means that K{ has an even combined parity, while K° has an odd 
one. 
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It is easy to see that the K} may decay into 27° as well as into 
z* + 2~-, which in an S-state have an even combined parity. K? 
cannot decay into two z-mesons. We now find the combined parity 
of a neutral system consisting of three z-mesons. This system can 
be in two different charge states: either 32°, or z+ + a- + 2°. 

Consider first the system z+ + 2- + 2°. 

The total angular momentum, J, of this system must be equal 
to zero, because the spin of the K-meson is Zero. 

Let us see how a wave function of the three m-mesons having 
I = O can be constructed. 

We denote the relative angular momentum of the z* and z7 by /, 
and the angular momentum of the z° with respect to the centre of 
mass of m+ +a by L. As J=1+L, in order that J may equal 
zero it is necessary that L should equal /. 

The combined parity of the 7°-meson is always odd, while that 
of the z* + 27 system is always even (this follows from the fact 
that for such a system C = (—1)', P = (—1)! and, so, CP = 
(— 1)?! = 1. Consequently, everything is determined by the parity 
of the orbital motion associated with the angular momentum L. 
If L is even (L = / = 0, 2, 4), then the combined parity of the 
a+ + 2- +2° system is odd, while if L is odd (ZL = / = 1,3, 5) 
then it is even. Consider now the system 32°. Since the z°-mesons 
are identical, L must be even, and, consequently, the combined 
parity of the system 3z° is odd. 

We now sum up and enumerate the allowed decays: 


[2 +m: | 
K? > 5 22°, CP=1; 
| at ta + 22 U=L=1,3,5,..).| 
0 
KK}? - 3a, | cP = —1, 
tai+a-t+a° (7 =L=0,2,4,...) 


If the leptonic decays K2,- and K,,; are for a while set aside, then 


it is clear that the K°-meson should live substantially less than the 
K°-meson, because the phase space in the t°-decay (K°,) is con- 
siderably less than that in the 0°-decay (K;,). The experimental 
values of these decay rates differ by three orders. The probability of 
the K° > 2* + 2- + 2° decay should be at least two orders of 
magnitude lower than Wz°-..;,, because emission of z-mesons in 
the state / = L = 1 is hindered by a centrifugal barrier. 
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The leptonic decays Ky, and K,,, which can occur for the K} as 
well as for the K2, do not substantially change the ratio between 
the lifetimes of the K?- and K2-meson. The probabilities of these 
decays are of about the same order as the K; — 3x decay rate. The 
properties of the K}- and K?-mesons are considered in more detail 
on pp. 182-200. 

Other consequences following from the combined parity conser- 
vation will be considered inthe next chapter which is devoted to 
hyperon decay. 


CHAPTER 13 


NON-LEPTONIC DECAYS OF HYPERONS 


AMPLITUDES OF HYPERON DECAYS 


We now proceed to hyperon decays. A hyperon decay is descri- 
bed by the diagram shown in Fig. 45. 1 denotes the disintegrating 
hyperon, 2 denotes the created baryon. If particles 1 and 2 have a 


spin of 4, then the most general form of the amplitude describing 
such a decay Is _ 
4 M = t2(a + Pys) U1. Gas 


where « and f are nunkown constants, while #, and uv, are 4-spinors. 

At first sight it seems that we have not made use of all the possi- 
bilities. For example, from the spinors we constructed a scalar 
and a pseudoscalar but not a vector and an axial vector: 

U2y,U, and wu2y,Ys5tty. 
It is, however, easy to see that addition of terms of the type 
M’ = U2 (O'Y, + B’Vus) Uk Pas 

where k is the 4-momentum of the z-meson, does not give anything 


new. Because the decay is a two-body, the momentum of the 
m-meson is expressed in terms of the momenta k, and k,: 


k = 17 k,. 
Taking advantage of this, it is easy to obtain 
M = — iin [x' (ke — k,) + B' (ks — k 1) 75) UP, 


=—- —- u> [x’ (Mm, —_ m1) + f' (iy + 1,) V5] UiGx- 
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We have now brought M’ into the form of (recall that we cannot 
calculate theoretically the constants «(«’) and /(§’)!). Thus, the 
amplitudes M and M’ are completely equivalent. 

Even having found, experimentally, the constants « and # and, 
consequently, fixed the form of the matrix element, we are unable 
to find out, whether or not, this matrix element actually results 
from a four-fermion weak interaction of the type V-A. No ex- 
periments with hyperons can establish (in so far as we do not have a 
strong interaction theory) the form of the fundamental weak inter- 
action responsible for hyperon decays. Even if it contains only S 
and P and no V and 4, it can in principle give the same type of 
matrix element. We cannot even verify whether or not this inter- 
action actually involves four fermions. 

Still, experiments with hyperons allow one to state that the 
interaction does not conserve strangeness and charge parity, but 
conserves combined parity. Parity non-conservation in hyperon 
decays manifests itself by the fact that the matrix element M con- 
tains, along with the scalar B y5, also the pseudoscalar «. Under 
P-inversion the first of these does not change sign (is even), while 
the second does change sign (is odd), if the intrinsic parities of 
both baryons are even, whereas that of the z-meson is odd. It is 
easy to see that the term « describes the formation of a meson in an 
S-state, while the term f describes the formation of a meson in a 
P-state. Indeed, waves with / = 0,2,4... possess even parity, 
while waves with] = 1, 3,5... possess odd parity. But because the 
spins of the disintegrating hyperons and the created baryon are 
equal to 3, only waves with / = 0 and / = 1 can give a contri- 
bution. Higher values of / are forbidden by the angular momentum 
conservation law. 

Let us find the restrictions which are imposed by combined 
parity conservation on the coefficients « and # contained in the 
hyperon decay amplitude: 


M = tiz(~ + Bys5) U1 Px. 


For definiteness we shall speak about the &- > A° + x- decay, 
assuming that the spin of the &-hyperon equals 4. The substantial 
difference between non-leptonic decays and the processes that we 
have considered earlier is that the particles produced in these 
decays interact strongly with each other. 
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SWITCH OFF THE SCATTERING 


Let us forget, for the moment, that the decay of the hyperon 
results from both the weak and strong interactions, and assume 
that the z-meson and /-hyperon arising from the decay do not 
interact with each other. In this case we may disregard the z-meson 
scattering from the A-hyperon and consider the decay matrix 
element as a certain “effective weak interaction’’. Because we 
have included by this assumption (completely illegally !) the z-meson 
and A-hyperon in the class of weakly interacting particles, our 
decay is, in principle, no longer different from the processes 
considered before, such as the leptonic decays of K-mesons or the 
neutron f-decay. In order to determine the phase of the coefficients 
« and f, we can apply a standard procedure to our matrix element 
(see p. 75). We perform the Hermitian conjugation transformation 
(H) and the combined inversion (CP), and compare the results of 
these two transformations. 

Under Hermitian conjugation 


M = itn (a + Bys) 19. > M™ = ti (at — B*ys) wok. 


(The minus sign in front of f arises from the anticommutation of 
the matrices y, and y,; these y’s are chosen as Hermitian.) 
Under charge conjugation 


M+ Mo = —ti,C* (a + Bys) Ci gy = — ty (a + Pys) Ur9r- 
Under space inversion 
M > M? = —ii,(a — Bys) Ux. 


(We assume the intrinsic parities of the particles 1 and 2 to be the 
same, and the z-meson to be a pseudoscalar.) From the definition. 
of M? and M° it is obvious that under combined inversion 


M> MP? = hy (x — Pys) U2gn- 


REALITY OF « AND 8 
By virtue of the combined parity conservation, M¥ = M". 
Whence it follows that 
“a= a*, B = p*, 
i.e. the coefficients « and f are real. It should be noted that the 
common phase of the coefficients « and 8 is a physically unobserv- 


6 a* 
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able quantity, because the decay probability is proportional to 
M M*. In particular, if we assumed the particles 1 and 2 to have 
different intrinsic parities, then we would obtain 


“w= —a* and B= —f*, 


ie. the coefficients « and # would be purely imaginary. 

The relative phase of the coefficients « and f is a physically 
observable quantity. It is seen that by virtue of the combined parity 
conservation it is equal to zero (more precisely, to 7 mz) indepen- 
dently of what the intrinsic parities of the particles are. 

It is easy to see that if we required the conservation of charge 
parity (C) and not that of combined parity (CP), then the result 
would be different. 

As a matter of fact, from the equality 

ME _ MS 
it follows that 


This means that the relative phase of the coefficients « and f is 
equal to 7/2 [more precisely, ton + 5). 


SWITCH ON THE SCATTERING. S-MATRIX 


Let us find out now what will be changed in our inferences when 
we take into account the strong interaction between the z-meson 
and A-hyperon. For this we have to study more closely the proper- 
ties of the S-matrix. We illustrate these properties with the same 
decay &- > A° +a~. In this decay we are dealing with three 
States. 

We shall denote the initial state by 2-, and the two possible 
final states of the A° + z~- system with / = 0 and / = 1 respectively 


TABLE 5 


Initial state 


Final state 


SS fy 
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by sand p. If also the inverse reaction A° + 2- > 57- is considered, 
then, in total, three initial and three final states are possible. The 
set of matrix elements S,s(o, 8 = 1, 2,3) connecting each initial 
State to each final state can be presented in the form of Table 5 
(S-matrix). 

If the &--hyperon decay and z/-scattering are “switched off”, 
the S-matrix will have the form 


which means that each of the initial states goes over into itself 
without any change. 


UNITARITY AND SYMMETRY 


It is obvious that, in the absence of interaction, the S-matrix 
possesses the unitarity property SS* = J, where J is the unit 
matrix, and the symmetry property 


Sg = Spe 


A remarkable property of the S-matrix is that it preserves these 
properties even after we “‘switch on”’ the interaction. 

The unitarity condition on the S-matrix expresses the require- 
ment of total probability conservation (the sum of the probabilities 
of different final states must be equal to unity) and the conser- 
vation of the orthogonality of the states. The condition of the 
unitarity of the S-matrix is equivalent to that of the hermiticity of 
the interaction Lagrangian. 

The symmetry condition on the S-matrix 1s a consequence of the 
interaction invariance with respect to time reversal (or, by virtue 
of the CPT-theorem, with respect to combined inversion): the 
matrix elements for the direct and inverse process must be the 
same. 

If, as before, the strong interaction is switched on without switch- 
ing on the weak decay interaction, then z-meson scattering by the 
A-hyperon occurs, and the S-matrix assumes the form 


1 0 0 
S= 10 el 2?2 0 ) 
00 e!-F3 
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where ¢ is the scattering phase in the s-state, while p3 is the phase 
in the p-state. 

If now the weak interaction is switched on, non-diagonal matrix 
elements will appear in the matrix: Tf 


1 Soy S31 
S = |S, e7' S53. 


S13 523 e7!?3 


Si. describes the transformation of © into 4 +2 with / = 0, 
while S,, describes that with / = 1. S,, describes the transition of 
the A + a system from a state with / = 0 to a state with / = 1. 
This transition does not conserve parity and can take place only 
on account of the weak interaction. All thc non-diagonal matrix 
elements are proportional to the weak interaction constant G, 
and are about 5-7 orders of magnitude smaller than the diagonal 
matrix elements. Based on this, and making use of the unitarity 
and symmetry conditions of the S-matrix, we shall express the 
phases of the non-diagonal matrix elements in terms of those of 
the diagonal matrix elements. 


CONNECTION BETWEEN THE DECAY 
AND SCATTERING 


We write the unitarity condition SS* = J in the explicit form 
Say Spy = Onp- 


Now we take advantage of the fact that, by virtue of symmetry of 
the S-matrix, 


We obtain 


SBy — yp 
Say Sop = Onp- (x) 
In the sum of the products S,,,S*, there are terms of zero order, 
first order and second order in the weak interaction constant. We 


disregard those of second order in G (~ 10-1°-10-14). For zero 
order terms the relation (+) gives 


Sx0 Say = Ona ° 


T As already mentioned on p. 37, the non-diagonal matrix elements of the 
S-matrix S,g are connected in the following way with corresponding transition 


amplitudes Mag: Sap = i(22)* 54 (pyr — Di) Map. 
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while for those of the first order it gives 
SaaSap + SapS3e =O (a + £), 
whence it follows that 
Sap Sua 
Sap Sip 


Writting S,, in the form io,,e-* and taking into account that 
Sx = EPP, Sog = e??8, we obtain 
ei 2Pap — pi2at¥,) 
or 
Pxp = Pa + Pg + nt. 


In the =~ > A®° + x- decay m, = 0, while m, and qs are equal, 
respectively, to the phases of z-meson scattering by A in the s- 
and p-state. 

The result we have obtained has an obvious interpretation. In an 
ordinary z-meson scattering on the A-hyperon these particles 
come from infinity to the origin and go out again to infinity. In this 
case the phase 2 is “‘accumulated’’. In the S-hyperon decay 4 
and z are created at the origin and go out to infinity. In this case, 
naturally, the phase is “‘accumulated”’. 

Thus, in the absence of interaction in the final state, combined 
parity conservation leads to the fact that the coefficients « and B 
for the s- and p-wave in the hyperon decay amplitude are real. 
When interaction in the final state is taken into account, one gets 


a= tjaje’, P= +{p| e', 


where ¢, and g, are the corresponding scattering phases (it should 
be stressed once more that only the relative phase of the coefficients 
« and f, but not their common phase, has a physical meaning). 


WHAT IS THE VALUE OF SCATTERING PHASES? 


The phases of the /-scattering by x are, for the present, unknown. 
As will be seen in what follows, these phases (more precisely, 
their difference) can be determined by analysing the cascade hype- 
ron decay. 

In the decays of the A-hyperon and 2-hyperon there arise 
zt-mesons and nucleons. The phases of pion-nucleon scattering are 
known from corresponding scattering experiments (see Table 6). 
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TABLE 6. st N-SCATTERING PHASES AT MOMENTA CORRESPONDING TO THE DECAY 
OF A- AND -HYPERONS 


momentum 


MeV 


Cc 
MeV 


Cc 


99:5 (A) 


189-0 


(~) 


The decay &- — A®° + x~ is characterized by the fact that the 
A° + m~ system has a definite isotopic spin (T = 1). The system 
za + N, produced in the A- or 2-decay, can, in general, be in two 
isotopic states (T = 4 and T = 3). In this case the S-matrix will 
contain not 9 (3 x 3) but 25 (5 x 5) matrix elements. 


NON-RELATIVISTIC AMPLITUDE 


Making use of the properties of the amplitude derived above, we 
calculate angular and spin correlations in non-leptonic decays of 
hyperons. Since the energy released in hyperon decay is small in 
comparison to the mass of the nucleon, it is convenient to use a 
two-component representation of the amplitude. 

We write the expression 


M = t2(« + Bys) u1¢2. 


in terms of two-component spinors 


uy = ("), uz = Coe — 73), 


Al 
ny me OP at — mt GO P2 
AA E+ m1)? hz = Fo E, +m, 


Here y and y are two-component spinors, while the o are the Pauli 
two-component matrices. p, E and m are the momentum, total 
energy and mass of the particle. Let us consider the decay in the 
rest system of the disintegrating hyperon (p, = 0). Then 


G P2 1 0 0] l 
M = aot l, — —_ i+ , — 7 
ri( E, + —) a fi ‘} B(, »)| () 14 


GP>2 


po 1 Pa: 


=93|o +p 
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Introducing the notation 


P2 | P2 | 
= ——., a= a, —__--___ = ph, 
|P2| Pe + Mm, 
we obtain 


M = gz [a + bon) ¢19,. 


Up to this point we have not made any approximations—we 
simply passed from the four-component representation to the 
two-component one. The transition to a non-relativistic approxi- 
mation consists in our assuming that both two-component spinors 
(~;, 2) are non-relativistic and independent of the corresponding 
momenta. 

The decay rate will be proportional to MM*: 


W~ qzla + bon) gq; [a* + b* on} G2. 


Since we are not interested in the total decay rate, we do not write 
the factor of proportionality. 


NON-RELATIVISTIC POLARIZATION OPERATOR 
Let us introduce spin projection operators for two-component 


spinors l4ot 


where 6 is the unit vector in the direction of the particle’s polariza- 
tion. This expression can be obtained in the non-relativistic region 
from the expression for the operator 


Aig = Uu,Ug = 4\(p + m) (1 —_ Vs55)\ie; 


which we considered on p. 59. We recall that § = syy, — sy, 


where 
_ p) - (Sp) p 
4 Th”? S= 8+ Ein m 


In non-relativistic region s, > 0, s > ¢. Taking into account that 


_ 0 1 a = (( 4 
ys= —(1 o) =(_ 5 o) Ya No -1)? 


we obtain 


As > m() 0) ( 1) + (s° oe) > m[{l + oO] =2mA’. 
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By means of the projection operator AS we can write the hyperon 
decay rate in the form 


W ~ Spd[a + bon] /; [a* + b* on}, 


where Sp denotes the trace of the 2 x 2-matrix. We denote the 
polarization vector of the particle 1 by ¢,, and that of the particle 2 
by ¢,. Then 


W ~ Sp[l + o0f.] [a + bon] {1 + o¢,] [a* + b* on}. 


(The trace of the unit 2 x 2-matrix equals 2, while that of any of 
the o-matrices equals zero.) 


CORRELATIONS IN THE s-WAVE 
We calculate first the term proportional to 


aa* 


2 


Because the term proportional to a corresponds to an s-wave, this 
result is quite natural. The final polarization must coimcide with 
the initial one—the spins of the particles 1 and 2 are parallel. 
It ¢, is antiparallel to ¢,, the probability reduces to zero. (Note 
that in calculating the trace we made use of the relation o;o, = 
Oi + 1€in101-) 


Sp(1 + 0662) (1 + of,) = aa*(1 + 6,62). 


CORRELATIONS IN THE p-WAVE 


We now calculate the term proportional to b b*: 
bb* 
7 Sp(l+oC,)on(1+o6C,)on= bb* [1 + 2(62)(5,n) — (626,)]. 


In calculating this trace it is convenient to make use of the relation 
Sp O;O,0;0, = One O1m + Oim Ox! _ 051 Om» 


Note that the contribution of the s-wave as well as that of the 
p-wave under space inversion does not change sign. The polari- 
zation of particle 2 for the p-wave does not coincide any more 
with that of particle 1, as in the case of s-wave. The probability 
is a maximum when the vector ¢, is parallel to the vector 


2n(C,n) — Cy. 
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sp-INTERFERENCE 


Finally, we calculate the interference terms proportional to a b* 
and a* b: 
a b* 
2 


a*™ b 


spl + 662) (1 + o6,)on = ab*(C,n + €,n + iC, [C,n)), 


Sp(1 + of2) 0n(1 + 0 6,) 


a*b(Con + Cn + iC,[n6,]). 


Summing the contribution of interference terms, we obtain 

(ab* + a*b) Can + Cyn) + i(ab* — a*b) 6, [Ein]. 
As is easy to see, these terms under space inversion change 
sign (under space inversion € > €,n > —n). 

Finally we obtain 
W(n, $1, 52) ~ a®a(] + $152) + bb* [1 + 201%) (C2 m) — 6152] 
+ (a* b + b* a) (Cin + C>Nn) + i(ab* — a* b) C> [C, a]. 

This expression describes angular and spin correlations in the 
hyperon decays: 


A°apta, A°a>n+ n°, 
At >on +2", LS+>p+ 7°, L- > n+ a. 
E- >A 42, Ho > AP + 71°, 


Different decays are characterized by different values of the coeffi- 
cients aand 5. If any of the quantities n, ¢, and €, are not measured 
experimentally, then in our formula the corresponding vector 
should be assumed to be zero. 


DECAY ASYMMETRY 


Consider, for example, an experiment in which a polarized 
A-hyperon disintegrates (1 > p + 2”), while the polarization of 
the nucleon is not measured. In this case the angular distribution 
of the nucleons is of the form: 


W(n,6,) ~ aa® + bb* + (a*b + b*a) Cyn 


or, in other words, 
ath + b*a 


W (n, C1) ~ 1+ a(nc,), where « = Gta + b¥b. 


170 INTERACTION OF ELEMENTARY PARTICLES 


A typical scheme for this experiment is as follows. A a-meson beam 
hits a hydrogen target, and there takes place the reaction 
a +p—>A°+ K®. 

The A-hyperons are produced polarized, and their polarization 
vector ¢, is directed along the normal to the production plane. 
Measurement of the up-down asymmetry with respect to this 
plane for z-mesons produced in the A® — p + a~- decay allows one 
to establish the value of « P, where « is the asymmetry coefficient 
introduced earlier, while P is the degree of polarization of the 
Noe Where N.(N.) denotes 
the number of A-hyperons polarized along (counter) the normal to 
the production plane; it is easy to see that | P|] S 1.) 

Experiments similar to the one described, at incident pion ener- 
gies of about I—2 BeV, have given the following values of «P 
(P denotes P averaged over the hyperon angular distribution): 


Al-hyperon. (Note that P = 


A° a p+am ~ 0-6, 
A° o> n+ x° ~ 0.6, 
LS on+a7 ~0 , 
+> p+ 7° ~ 08, 
a> 3>n + 2+ ~ 0 


Because the sign of the hyperon polarization is not known, these 
experiments do not give the sign of the coefficient «. The asym- 
metry coefficient « at given values of |a] and |b] is maximum, if 
the phases a and b are the same, and becomes zero if these phases 
differ by 7/2. 

As we saw above, the first possibility corresponds to combined 
parity conservation, while the second corresponds to charge parity 
conservation. Because of the smallness of the scattering phases, 
scattering in the final state will affect only slightly this conclusion. 
The very fact that a large asymmetry in the decay of the A-hyperon 
and 2*-hyperon is observed means that charge parity in these 
decays is not conserved. 


NUCLEON POLARIZATION 
If W(n, 6,, 52) is averaged over the direction of 6,, we obtain 


W(n, 62) ~ aa* + b*b + (a*b + b*a) (nb,). 
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It is seen that the degree of nucleon longitudinal polarization is 
a*b + b*a 
aa* + bb*- 
measurements on the nucleon longitudinal polarization provide 
not only the absolute value of the coefficient but also its sign. In 
this respect the measurement of the polarization of nucleons has an 
advantage over that of the asymmetry of the nucleons. 

Consider, finally, the nucleon polarization in the direction 
perpendicular to the plane which is formed by the vectors # and ¢,. 
This polarization is determined by the term 


i(ab* — a*b) 6, [6,n}. 


If the relative phase of a and b were equal to zero, then this term 
would reduce to zero. Whence it follows that, when the combined 
parity is conserved, such a correlation may arise only on account 
of the interaction in the final state. Measuring this correlation in 
the =- — A° + 2- decay, one can obtain information about 
x /1-scattering. 


determined by the same coefficient « = Note that 


CHAPTER 14 


ISOTOPIC SELECTION RULES 
IN NON-LEPTONIC DECAYS 


THE weak interaction (Ap) (pn) + (pA) (ip), leading to non- 
leptonic decays, violates not only isotopic spin conservation but 
also strangeness conservation. However, this violation 1s governed 
by very strict selection rules: in the decays only certain changes in 
the isotopic spin (7) and in its third component (73) and, conse- 
quently, in the strangeness (5S), are allowed. 


SELECTION ACCORDING TO STRANGENESS 


The non-leptonic interaction transforms the A-hyperon into the 
proton, antiproton and neutron; it transforms also the anti-/ 
into the proton, antiproton and antineutron. In the first of these 
transformations 4S = +1, while in the second one 4S = — 1. 
Because the strong interaction conserves strangeness, in all non- 
leptonic decays resulting from a weak interaction and virtual 
strong interactions the change in the strangeness satisfies the rule 


AS=+l1. 


This selection rule leads at once to two rather strong restrictions. 

The first of these 1s the absence of the direct decay of cascade 
hyperons into nucleons and z-mesons. The decays &- > n + 2-, 
2° +n+mn° and 9° > p+a- are forbidden, because in them 
the change in strangeness amounts to 4S = +2. 

In the Sakata model this forbiddenness is accounted for parti- 
cularly simply: the &-hyperon ‘consists’? of an antinucleon and 
two A-hyperons, and the weak interaction breaks up only one 
A-hyperon at a time. 

Nota single & — N + 2 decay has been observed experimentally, 
although many 2- —> A° + 2- decays have been observed. How- 
ever, this in itself is no evidence that the & > N + a decays are 
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actually absent. It is by the characteristic -hyperon decay into 
A°-hyperon that the &-hyperon is usually detected (Fig. 46). 


—- 
- 
- 


bay 


na - 
FIG. 46 Fic. 47 


The =- > n + 27~- decay, even if it existed, would look in an 
experiment simply as a break in the track (Fig. 47). 

In this respect the =° > p + 2” decay would be much more 
effective ; unfortunately, so far, the number of =°-hyperons observed 
experimentally 1s small. + 


K°++K° FORBIDDENNESS 


We now consider the other consequence of the dS = +1 
selection rule. Because the strangeness of the K°- and K°-mesons is 
(respectively) equal to + land — 1, the matrix element of transition 


Hn? ”? A Ke 


Fic. 48 


between them must be proportional to the square of the weak 
interaction constant, G*. One of the diagrams giving such a tran- 
sition is shown in Fig. 48. Here s denotes the strong interaction, 
while w denotes the weak interaction. If the weak interaction were 


fi 7A | _ 
H? H? 
< <> 5 
At /7 
Fic. 49 
(E> > nx) 


+ Recent experiments give <5 x 10-3 (note added in 1964). 


T(e- > Amn) 
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able to change the strangeness by two units, then the matrix 
element of the K° 2 K° transition would be proportional to G. 
For example, the interaction (4n) (An), for which 4S = 2 and 
which is forbidden in our scheme, could transform K° into K° in 
the way shown in Fig. 49. 

As will be seen in the next chapter, the value of the matrix ele- 
ment of the K° = K° transition can be determined by analysing 
the properties of the neutral K-meson beam. 


AT =4RULE 


It is easy to see that the interaction (Ap) (pn) + (pA) (fp) also 
puts definite restrictions on the change in isotopic spin in non- 
leptonic decays. The isotopic spin of the A-hyperon is zero, while 
that of the nucleon Is 4. 

Consequently, the change in isotopic spin must be equal to 
AT = 4, 3. Larger values of AT, in particular AT = $, are for- 
bidden. 

We shall not consider restrictions resulting from this selection 
rule—they are rather weak. Instead we shall find out what would 
take place if of the two allowed transition amplitudes (AT = 4 
and AT = 3) one (AT = 4) were much larger than the other 
(AT = 3). In this case we would have the approximate selection 
rule AT = 4 for non-leptonic decays. Jt should be stressed that 
no conclusive theoretical explanation of such a selection rule is as 
yet available. Yet, as will be seen in what follows, all experimental 
data are in good agreement with it. 

In attempts to account for the AT = 4 rule, theoreticians are 
divided into two schools. Adherents of one school assume that the 
Lagrangian of the weak non-leptonic interaction has the ordinary 
form of the product of two charged currents (ip and Ap), but 


a tR Y , 


Fic. 50 


that virtual strong interactions lead to the fact that transitions 
with AT = 3, allowed by this Lagrangian, are suppressed. In 
this case the AT = 4 rule appears to be only approximate. Such 
a situation would take place if, for example, in non-leptonic decays 
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the major role were played by diagrams of the type shown in 
Fig. 50, giving the effective transition A — n (see pp. 146, 147). 
But certain theoreticians prefer to account for the dT = } rule by 
other types of diagrams. Unfortunately, at the present stage of the 
theory of strong interactions the validity of such explanations 
cannot be checked. 

Adherents of the other school assume that the dT = 4 rule is 
strict and inherent in the weak interaction Lagrangian. In this 
case, of course, the Lagrangian must be modified by introducing 
in it new currents. Within the framework of the Sakata model the 
AT = 4 rule can be obtained if, in addition to the charged currents 
Ap and ip, the neutral currents An, fin, pp or at least some of 
them are introduced. (Neutral currents are understood to be 
those containing, in the initial and final state, particles of the same 
charge.) It is easy to see, for example, that an interaction of the 
form 

An(pp + jin) 


satisfies the condition AT = 4. Indeed, the first factor in it 1s an 
isotopic spinor, while the second one is an isotopic scalar. 

The question as to whether or not the weak interaction contains 
the product of neutral currents appears to be, at present, one of 
the most important problems in the physics of weak interactions. 
Experimental investigation of this problem is of great interest 
(see pp. 18 and 209). 

Any real explanation to come of the AT = 4 rule will, un- 
doubtedly, enhance our understanding of the properties, not only 
of the weak interactions, but also those of the strong. In view of 
the importance of this problem we shall consider, in detail, which 
experiments point to the existence of the AT = 4 rule and in which 
experiments it could be checked. 


HYPERON DECAYS 


Let us first find what the 7 = 4 rule leads to in hyperon de- 
cays. We note that in the decay of A- and 2-hyperons there arise 
nucleons and z-mesons, and we may express different charge states 
of the nucleon + z-meson system in terms of the corresponding 
isotopic states. It is easy to see that there are two such isotopic 
states: one with T = 4 and the other one with T = 3. In hyperon 
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decays we have to do with the following states of the nucleon + pion 
system: 


m= + DP, mo +n (in the A-hyperon decay), 
m° + p, tT +H (in the X+-hyperon decay), 
ut +n (in the X'--hyperon decay). 


Each of these states represents a linear superposition of the states 
with T = 4 and T = 3. The coefficients of this superposition are 
quoted in the table. 


TABLE 7 
Charge T Coefficient of the Coefficient of the 
function ° function with 7 = 4 function with T = + 
m+p | —4 +13 , 
a +n —4 — y4 y3 
mt + p +4 + y4 V3 
uw +N +4 — 73 yt 
a +n —z 0 1 


The coefficients contained in this table are the Clebsch-Gordan 
vector-addition coefficients. 

Charge-exchange reactions transform the states ~- + p and 
z° + n into each other. Therefore these states are not diagonal. 
Their linear superpositions 


Yra4 = | (4%) (7 + p)— / (4) (2° + n) 
and 
Yr = JAH +P) + JOC +7) 


are diagonal. By means of the table, analogous superpositions can 
easily be obtained for the states z° + p and z+ +n. The state 
a- + nis a pure state with T = 3. 


A-HYPERON DECAYS 


If AT = 4, then the system N + x that arises in the decay of 
A-hyperon is ina state with T = 4. From the above it follows that 
the amplitudes a- and a® of the decays 

Aw>pt+a- (a-), 


A+n+7° (a°) 
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should be in the ratio ,/(2): 1, while the corresponding probabilities 
should be in the ratio 2:1: 
B,=— pe) 

WAS en+2)4+W(Aapt+a-)” 3° 
From the fact the amplitudes of the two decays are similar it 
follows that all of the correlations in these decays must be the 
same. In particular, the polarization of protons must be the same 
as that of neutrons, while the asymmetry parameter «- of the z-- 
meson in the decay of polarized A-hyperons must be the same as 
the asymmetry parameter «° of z°-mesons. Experimentally, 


By, = 0-65 + 0-05, 
x? /a- = 1-10 + 0.27, 


which is in good agreement with the theoretical prediction. 


*&-HYPERON DECAYS 


We now establish relations between the decays 


We denote the amplitude of these reactions by A°, A* and A- 
(according to the charge of the z-meson). (We shall not consider 
the 2°-hyperon decay, because the 2°-hyperon disintegrates 
through the action of the electromagnetic (and not the weak!) 
interaction into A° + y in about 10-'* sec, and has nothing in 
common with the decays of charged 2-hyperons.) The fact that in 
these decays the JT = 4 rule holds can be expressed as isotopic 
spin conservation (4 T = 0), if it is postulated that each disinte- 
grating hyperon absorbs a certain unobservable particle with 
T = 4, which we shall call the “‘spurion”’ and denote by S. In 
essence, we have already dealt with this “‘particle’”? on p. 120, 
when we discussed the 17 = 4 rule for leptonic decays. It should 
be stressed, once more, that the spurion is not a physical object 
but only a convenient mathematical construction. Introducing 
the spurion we can write S-hyperon decays in the form of the 
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following isotopically invariant reactions: 


S° 4+ L+ > n° +p, A®, 
So+ D+ ont +n, A’, 
S94 S- 32 +7, A-. 
According to the definition, the spurion S° has T = 4, 7; = —}, 


S = +1 and is analogous in its isotropic properties to the K°- 
meson. 

It is easy to see that the state S° + 2* is analogous to the state 
n + ott, while the state S° + 2~- is analogous to the state + 2-. 
In terms of isotopic states we have (see the table of the Clebsch— 
Gordan coefficients on p. 176): 


(So 4+ 4 = — JG, + J@es, 
(S° + 2°| = —r, 
jn? + p> = /G)¥s + JO¥s, 
jn* + ny = — J/G)v3y + Js, 
I~ + n> = Ys. 


We know now the initial as well as final isotopic states. In reactions 
with spurions the isotopic spin is conserved. This means that the 
interaction will give matrix elements differing from zero only 
between states with the same isotopic spin. Taking this into account 
we obtain 


; 2 
Ayan? (4; — Ay), 
A* = 4(A; + 24), 
A = A3. 
AS a result we may express the three charge amplitudes A°®, A*, A- 
in terms of two isotopic amplitudes A,(T = #) and A,(T = 4). 
This allows one to establish a relation between A°, A*, A-: 
A- = ./(2)A° + A*. 


We now take into account the fact that each of the amplitudes 


A®°. A*, A- is actually a set of two amplitudes sand p, corresponding 
to/=Oand/=1: 


A° = 5° + p®", At=st+ pt, A> =s +p. 


ISOTOPIC SELECTION RULES 179 


Therefore the relation between A-, A+ and A® is to be understood 
not as a relation between numbers but as a relation between the 
vectors in sp-space. Consequently, we have 


| 


s- = /(2)s° + s*, 
p~ = /(2)p° + pr. 


For further considerations the following experimental facts are 
essential : 


(1) The probabilities of all the three decays agree to within 
~ 20 per cent. 

(2) In the decays 2” > n+a2- and 2+ >n+ 2+ the up-down 
asymmetry is almost absent. 

(3) In the 2+ — p + 2° decay the asymmetry is maximum. 


From (3) it follows that s° = p®°. From (2) and the relations be- 
tween the vectors A*, A~ and A°® it follows that 


either s* = p- = 0, (a) 
or s-=pr=J. (b) 
For the present we cannot choose between these two possibilities. 
It can easily be seen that both possibilities are consistent with (1). 
Indeed, consider, for example, (a). From the condition s~ = ,/(2)s° 


+ s+ and p- = ./(2)p° + p*, taking into account the equality 
So = Po, We obtain 


57? — 2 502 — 2 p®? — p**. 
Taking into account that 
W-=Av=57%, 
Wr= At? — p*?, 
W° = 402 = 592 4 p02, 
we obtain 
W-=W* = W’., 


As is easy to see, the same result is obtained also for possibility (b). 

If a coordinate system is constructed such that the amplitude of 
the s-wave is plotted on one axis while that of the p-wave is plotted 
on the other axis, then the vector equality A- = ./(2)A° + A* can 
be shown in this diagram as a rectangular equilateral triangle, 
the legs of which are directed along the coordinate axes (Fig. 51). 
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It should be noted that the fact that the triangle representing 
the vector equality is a rectangular, isosceles triangle along the 
coordinate axis follows in no way from theory and is in itself rather 
enigmatic. 

In placing the triangle with respect to the coordinate axes in 
the way shown in the drawing, we have made use of only one of the 


D 
4 
V24a 
A S 
Fic. 51 


existing possibilities, namely of (a). Note, also, that the position 
of the triangle in the first quadrant is also arbitrary, because we do 
not know the sign of the corresponding s- and p-amplitudes. 

Thus, the 47 = 4 rule predicts that, if in one of the decays, 
for example in X* > n + z7*, there is pure s-wave, then in the 
second one (2- > n + 2~) there must be pure p-wave, and vice 
versa. This prediction can be checked by measuring the neutron 
polarization in the decay of polarized hyperons. As we have seen 
on p. 168, 


for s-wave € = 9, 


—n + 2(nn) nN. 
Here ¢ is the neutron polarization, 7 is the hyperon polarization, 
while # is a unit vector in the direction of the neutron emission. 
If it turns out that in the two decays the correlation of the neutron 
and 2-hyperon polarization is of the same form, then this will 
mean that the 47 = 4 rule is violated. 


for p-wave 6¢ 


E-HYPERON DECAYS 
E> AP + a7 (a"), 
EO _, 40 4. 70 (a), 


making use of the concept of spurion, it is easy to obtain the ratio 
between the amplitudes: 


a :a®° = }(2):1. 


For decays 
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This in turn means that 


Ws" > Aon) 5 
W(E° > An) 
and that all correlations in these decays must be the same. 

Let us see now what the JT = 4 rule gives for decays of K- 
mesons. 


K++ 2* +.2°(0+) DECAY 


Let us consider the possible isotopic states of two 2-mesons 
arising from this decay. The system of two z-mesons, in general, 
can be in states with T = 0, 1, 2. However, in our case the state 
with T = 0 is excluded, because one of the z-mesons is charged 
while the other one is neutral and, consequently, T; = +1. The 
state with T = | is also forbidden. This is connected with the fact 
that the spin of the K-meson is equal to zero and that the two 
a-mesons arise in an s-state. But, being in a symmetric orbital 
state, the ~-mesons, as Bose particles, must also be in a symmetric 
isotopic state, whereas their state with T = 1 is antisymmetric. 
(If a and JB are the isotopic vectors of the first and second meson, 
respectively, then their state with T = I is described by the vector 
product of these vectors, a x 5.) Consequently, there remains only 
the state with 7 = 2. But if the AT = 4 rule holds, then, since the 
isotopic spin of the K-meson is 4, the transition to this state is 
forbidden. 

Thus, if the AT = 4 rule holds, the Kt > z+ + x® decay should 
be forbidden. 

It is known that in fact this decay is not forbidden, and its rate 
W,+ amounts to about 2 x 10’ sec-’. However, if we compare 
this decay rate with the probability of decay of the neutral K-meson 
into two zt-mesons, we find that, although there is no strict forbid- 
denness, none the less there is a very strong suppression. Indeed, 
Wyo ~ 1 x 101° sec-1. We see that the ratio of the 0*-decay rate to 
the 6°-decay rate amounts to ~2 x 107°. 

Thus, from the consideration of the 6*-decay we can conclude 
that, although the 47 = 4 rule is not absolutely strict, it 1s never- 
theless fulfilled with very high accuracy. 
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K9>nt+a- AND K?>2°+2° DECAYS 


The z-meson state with T = 2 is forbidden in these decays by 
the AT = 4 rule. The state with T = 1 is forbidden by virtue of the 
symmetry of the z-meson wave function. The state with T = 0 is 
allowed. 

We shall describe the isotopic wave functions of each of the 
m-mesons by the vectors a and b. In order to make out of these 
vectors a state with isotopic spin zero, one must form their scalar 
product ab = a,b, + dnb, + a3b3. 

Taking into account that the 2*-meson is described by the wave 
a, + la, a, — 1a, 

y2 ° y2 ° 
and the 2°-meson by dy = a; (and similarly for the vector 6), we 
rewrite the scalar product in new variables: 


ab=a,b. + a_b, + agbo. 


function a, = the z--meson by a_ = 


Because the probability of formation of the charged mesons is 
proportional to ja, b_.|* +|a_6,|*, while that of neutral mesons 
is proportional to |d> b9|*, from the JT = 4 rule it follows that 
W(kKioatta) | > 
W(K° > 2n°) 7” 
W(K3 > 22°) | 
W(K8 > a+ +27) + W(K2 > 2m) 37 


Or 
B(K) = 


Taking into account a small admixture of amplitude with AT = 3 
the value of B may lie within a range 0-29 to 0-37. B(K) is found 
experimentally to be of the order of 0-30 with an error of the order 
of 0:04-0:06, which is in excellent agreement with theory. 


K,3-DECAYS 


We shall now determine those relations which, because of the 
AT = 4 rule, hold between the probabilities of the four different 
t-decays. 


1. Ki > at +a7>+an*(2), 
2. Kt+>n° + n° + xt(2’), 
3. KZ > 2° + 7° 4+ 2, 


4,.K3 o-n° + atta. 
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gt-mesons arising from these decays are in an s-state (there is also a 
small admixture of symmetric states with / = L = 2, 4; see p. 157). 
We denote the isotopic functions of the three z-mesons by a, b and 
c. Then this symmetric state will be described by the isotopic 


function A = a(be) + b(ca) + c(ab). 
The component A* corresponds to the decays t and 7’: 
* = a,(be) + b,(ca) + c, (ab). 
The component A® corresponds to the neutral K,3-decays: 
A° = ao(be) + bo(ca) + Co(ab). 
We write A* and A°® in the explicit form: 
A*~ = a.b,c_ + a,b_c, + arbolg + bic.a_ + bic_a, + bed 
+ ¢c.a,b_. + c,a_b, + Cragbo, 
A® = apbic. + Ap b_C, + Ap doly + Boc.a_ + boc_azx + bocodo 
+ C 94,50. + CgA_b, + Cog dg. 
Between the corresponding decay rates there exist the following 
relations: 
W(Kt > 20° +207) 
W(K* > 22° + 21*) 
|\2a.b.¢c_|? + |2b,c,a_|? + |2a,c,b_|* — 12 


~~ Ta.botol® + [B.Codol? + 1e.dobo® 3 
WK? > 32°) 
W(K} ~> at +a +2) 
[ZagboCol” 
~ Jagb,c_|? + laob_c, ? + |boe,a_|? + |boc_a,|? + \coa,b_[? + |eoa_b, |? 
9 3 
=Z=5- 


Making use of the idea of the spurion, it is easy to establish a 
relation between the amplitudes of the transitions 


K®° > A° + S° and Kt— At +S°. 


By means of our tabel of Clebsch-Gordan coefficients we find 
that these amplitudes are in the ratio of 1 : \/2. Taking into account 


that K° = ay (kK! + K°) we find that the amplitudes of the 


7 EP 


184 INTERACTION OF ELEMENTARY PARTICLES 


transitions K2- A° and Kt —> At 
should be the same. Consequently, the total probabilities of the 
K,3-decay of the K+ and K3 mesons should also be equal: 


W(Kj3) — W(K*t > 2n* +27) + W(Kt > 2m, + 2°) | | 
W(Ko;) W(K2> 3n°) + W(K8 > at +27 + 2°) 


The ratios 4:1,3:2 and 1:1 will be somewhat changed if we take 
into account that, because of the mass difference x” — 2°, the 
phase space for emitting 2°-mesons is larger than that for emitting 
charged z-mesons. The replacement of z~ by z° increases the phase 
space by about 13 percent. Furthermore, because of the mass 
difference K$ — K+ the phase space for the decay of the K? would 
be 10 per cent larger than that for the decay of the K*, even if the 
masses of z~ and z° were the same. Hence 


W(K* > 27° + 2*): W(Kt > 2n* + 27) & 1-26:4 & 0-32, 
W(K? > 32°): W(K2 ont + 2-429 23 x 1-49:2 x 1232158, 
W(K? > 32): W(Kt 332) = (3 x 1-49+2 x 1-23) :(4 + 1-26) © 1:3. 


The first of these three ratios is in good agreement with experi- 
ment. The two remaining ones do not contradict experiment, but 
the experimental errors are extremely large. Verification of these 
ratios 1s necessary for deciding the question of the applicability of 
the AT = 4 rule. 

It should be noted that because the z-mesons in the K,3-decay 
are In a symmetric s-state even the presence of transitions with 
AT = 2 would not change the first two ratios. This is connected 
with the fact that there only exist two completely symmetric 
states, which can be made from the three vectors a, b, c; these are 
the state with 7 = 1 considered above and a state with T = 3. 
But a transition to the latter is possible only in the case when 
AT = 3. As distinct from the first two ratios, the third one is 
sensitive to the admixture of transitions with AT = 3. 


LIFETIME OF THE K3-MESON 


The set of 47 = 4 rules for leptonic and non-leptonic decays 
makes it possible, knowing the probabilities of K+-decays, to 
predict those of individual K>-decays and the lifetime of the K°- 
meson. 
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The probabilities of different decays of the K*-meson are equal to 


Ki2 Ki out ty 48 x 10° sec-} 
Ki. Kt >2n*t4+7° 21 x 10° sec"! 
Ki3. Kt > 2n*+ + a7 4-6 x 10° sec"! 
K* > 27° + x* 1-4 x 10° sec-! 

K.3 Kt>et+4+7+7° 3-4 x 10° sec-! 
Ky3 Ktout+v4+x7° 3-3 x 10° sec-! 
. = 81-7 x 10° sec! 


Making use of these data, we obtain for the K$-meson 


K ee > 37° 5-0 x 10° er | 
| K8 > a+ +27 4+ 2° 2:8 x 10° sec~! 
K A et+4tvta- 3-4 x 10° ee | 
| K°9 +s e-+ 74x21 3-4 x 10° sec~! 
K ee + y+ 27 3-3 x 10° | 
Ko ou + 542+ 3-3 x 10° sec-? 

] 
= 21-2 x 10° sec"! 
TS 


Thus it follows that the lifetime of the K>-meson should be about 
5 x 10-® sec. Experiment gives a value close to 6 x 10-8 sec. 

From all this it follows that an accurate measurement of the 
lifetime and branching ratios of the individual decays of the K}- 
meson would be of great interest. f 


+ The numerical values of decay rates given in this paragraph are outdated. 
For a comparison of experimental decay rates for Kt and K& mesons see 
Tables 9 and 10 on pp. 221 and 222 (note added in 1964). 
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CHAPTER 15 


DUAL PROPERTIES 
OF NEUTRAL K-MESONS 


WE NOW consider in more detail the properties of neutral K-mesons 
and the K, — K, complex. In strong interactions neutral A-mesons 
appear in the form of the particles K° and K°, having a definite 
strangeness. The strangeness of K° is + 1, while that of K° is — 1. 

In the decays of neutral K-mesons into z-mesons there do not 
appear K° and K° but K? and K3, which have a definite C P-parity. 
The combined parity of K° equals + 1, while that of K> equals — | 
(see p. 156). 

We ask ourselves the questions: what is the combined parity of 
K°® or K°, and what is the strangeness of K? or K$? The answer to 
these questions is the following: K° and K° have no definite value 
of the combined parity, and K? and K3 have no definite strangeness. 
This is connected with the fact that under combined inversion the 
strangeness changes sign, like electric charge. A particle having 
a non-zero value of strangeness under C P-inversion goes over to 
its antiparticle (different from itself!) and hence cannot have a 
definite value of the combined parity. 


ANALOGY WITH ANGULAR MOMENTUM 


It should be noted that the situation of two mutually incompa- 
tible descriptions of the same system is not something new in 
physics. A system which has an angular momentum J and is placed 
in a magnetic field is in this sense very similar to neutral K-mesons. 
Jt is well known that the total angular momentum of the system 
commutes with its projections on any of the axes x, y, z. However, 
these projections do not commute with one another. Therefore, if, 
for example, a projection on the x-axis is given, projections on the 
y- and z-axis will have no definite values. This is similar to the 
fact that, if the strangeness of the K-meson is fixed, its combined 
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parity has no definite value. In the absence of strong as well as 
weak interactions the K-meson is equivalent to a system which has 
an angular momentum and is placed in a space where there are no 
magnetic fields. The switching on of the strong interaction of 
K-mesons with nuclei, which depends on the value of the strange- 
ness, can be compared, for instance, with that of a magnetic field 
along the x-axis. Then the switching on of the weak decay inter- 
action of K-mesons with z-mesons, which depends on the value of 


the combined parity, can be compared with that of a magnetic 
field along the y- or z-axis. 


WHY NOT 1, AND n,? 


What gives rise to the possibility of analysing K-mesons on the 
basis of two different quantum characteristics—combined parity 
and strangeness? Why, for example, cannot the same be done 
with neutrons? The neutron, like the K®°, is a neutral particle and, 
one might say that one could consider the linear superpositions 
of the neutron and antineutron 

n= n+ and”, = n— A 

anne: Pp 
True, as distinct from K°-mesons, the strangeness of neutrons is 
equal to zero. But, to make up for it, neutrons have a baryonic 
charge, which equals +1 for the neutron, and — 1 for the anti- 
neutron. Therefore the neutron and antineutron, like K®° and K°, 
have no definite combined parity. On the other hand, n, and n2 
have, like K? and K$, a definite combined parity and no definite 
baryonic charge. 

Why do we always speak about the neutron and antineutron, 
and never about 7, and n,? This is connected with the fact that 
there are no processes in which the states n, and n, would be dia- 
gonal; there is no interaction which could transform the neutron 
into the antineutron. The baryon charge conservation law appears 
to be strict. 

As distinct from baryonic charge, strangeness is not a strictly 
conserved quantum number. It is this that accounts for the pecu- 
liarity of neutral K-mesons. 

In general, all particles can be classified into two groups. One 
of these contains such particles as the proton, neutron, electron 
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and A-hyperon, the antiparticles of which differ from the particles 
by some strictly conserved quantum numbers (for example, by the 
electric or baryonic charge). The other group contains particles 
which are identical with their antiparticles (photon, 2°-meson). 
Such particles are absolutely neutral. Neutral A-mesons behave 
as if they are just at the boundary of these two groups. K® differs 
from K° by the value of the strangeness quantum number. However, 
this difference is not absolute, because strangeness conservation 1s 
violated by the weak interaction. 

Can particles or systems of particles analogous to neutral K- 
mesons exist? 


MUONIUM 


A very good example of such a system is muonium (an atom 
consisting of w+ and e-). As pointed out by Pontecorvo, muonium 
could go over to antimuonium, if the transition of the muon into 
the electron oe 4 

ute-ou-e*, 
were not forbidden. Then the diagonal states of muonium in 


vacuum are . 4 
we +e 
muon one = — —.— 
2 


and 
ur en __ Le et 


2 


The first of these states has an even combined parity, while the 
second one has an odd combined parity. In strong electric fields 
the diagonal states would be the muonium and antimuonium. In 
solids the fields are so large that the transition of muonium into 
antimuonium should be absent. In rarefied gases such transitions 
might take place (if there were no muonic charge conservation 
law), but, because of the loose structure of the muonium, their 
characteristic time would be substantially larger than the muon 
lifetime. 

We now return to K-mesons and study the consequences of the 
fact that neutral K-mesons represent such a peculiar superposition 
of four states. We consider first phenomena in the neutral K-meson 
beam, which result from the difference in the lifetime of K°- 
and K3-mesons. 


muon two 
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PAIS-PICCIONI GEDANKEN EXPERIMENT 


The properties of neutral K-mesons are manifested very clearly 
in the classical experiment proposed by Pais and Piccioni in 1955. 
Speaking literally, this experiment has so far not been performed. 
However, its ideas in a modified form have been utilized in a 
number of experiments. 

Imagine a chamber on which a z-meson beam is incident 
(Fig. 52). In plate A there occurs the z- + p > K° + A® reaction. 


We shall follow the fate of K°-mesons emitted to the nght of the 


plate A. These K°-mesons represent the superposition of K} and 
K3: 
] 


/2 


The K°-particle disintegrates in a time of the order of 10° sec 
(K,2-decay). 

The K°-particle decays in a time of the order of 5 x 10-* sec 
(Kn3-, Kes-, K,,3-decays). Therefore the decay of K;-mesons can be 
disregarded in comparison with that of Kj-mesons. Within ten 
centimetres or so practically all of Ky-mesons contained in the 
K°-beam will decay, and a pure K3-meson beam will remain: 


K° = —~ (K? + K8). 


decay 


1 Ko oo 
yO - __ (K® Ko) KO, 
K 73 (K? + Kz) 75 2 


Recall now that , 

Oo__ (Ko K°). 
Thus we find that if the initial beam had a strangeness equal to 
+1 (K°-mesons), then in the final beam there are also particles 
with strangeness equal to — 1 (K°-mesons). If a plate B is put in 
the path of K°-mesons, then in the plate there will arise nuclear 
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reactions of the type _ 
K°+p>A®°4+n', 


which cannot be caused by initial K°-mesons. 

As distinct from K°-mesons, K°-mesons are intensely absorbed in 
colliding with nuclei. Assume that plate B absorbs all K°-mesons 
and lets through all K°-mesons. Then we shall have such a sequence 
of transformations: 


] K ] ] ~ .. K°-absorption | 
0 0 0 CO KO 0 K°) —————— — K°. 
] 
Taking into account the fact that K° = —~— (K? + K3), we expect 


2 
that behind plate B there will again be Kj-decays, their intensity 
being four times less than that of K{-decays near plate A. We have 
here to do with regeneration of K}-mesons. 


K$— K$ MASS DIFFERENCE 


In considering the K° > K°® transition we have so far taken into 
account only the lifetime difference between Kj- and K5-mesons. 
If the states K) and K9 are written in the form of vectors (Fig. 53), 
then from the above it is seen that we only used the fact that the 


Ay Ky. a 
7 7 
U 0 0 
“aS, KH, Ky 
Fic. 53 Fic. 54 Fic. 55 


length of one of the vectors decreases with time more rapidly than 
that of the other one. However, along with this mechanism of the 
transition of K®° to K® another mechanism of this transition, due 
to the mass difference between Kj- and K5-mesons, is very essen- 
tial. The K)— K$ mass difference is the cause of the fact that the 
angle between the vectors K} and K3 in our diagram (Fig. 55) 
varies with time (vy = Amy). 

To what is the K? — K2 mass difference due? Because the com- 
bined parities of the K{- and K3-meson are different, not only real 
states into which these mesons can transform but also virtual 
ones are different. Thus, transitions to 27°, 42°, 62° and so on 
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are allowed for K?, while those to 12°, 32°, 5° and so on are 
allowed for K. If states in which K{- and K$-mesons spend a part 
of their time are different, then it is natural that the masses of these 
particles should also be different. The K{—K®? mass difference is 
determined by the mass difference between virtual states and by 
the time interval during which Kj- and K’-mesons are in these 


Oo 7 0 0 
“af ws Hf, FA. 2 as 
we —— woe Oe 
“ ral 
x 
Ls 70 
Ht) ca 1 M2 “2 ~ Ne 
WS oe NT. 
Ft 
NM O 0 WV 0 
Ky q > 4 M2 q > “3 
N V 
Fic. 56 


virtual states. In essence, to estimate 71m we have to estimate the 
contribution of matrix elements of the type shown in Fig. 56. 

Since every transformation with a change of strangeness is 
proportional to the weak interaction constant G, the contribution 
of these matrix elements must also be proportional to G?. Conse- 
quently, the K?—K3 mass difference must be proportional to G’: 
Am = «G?. The coefficient « must have the dimensions of [7]?. 
If « = nt is chosen, then we obtain 


ss} 
Am = 10-10 3. ~10-!4+m, & 10-2 eV & 10?9 secm!. 

Pp 
For « = m3. we would obtain dm ~ 10-1! mz & 10!3 sec-!. The 
value of « depends on which effective energies of virtual particles 
play a part. If these energies were very large (of the order of a 
hundred BeV), then the value of 4m would be many orders of 
magnitude larger than 10'° sec-'. However, experiment yields 
Am ~ 10'° sec-+. Therefore it can be assumed that the effective 
energies of the virtual particles are in reality not large (of the 
order of 1 BeV). Unfortunately, because we cannot treat virtual 
strong interactions, we cannot as yet calculate the K'—K? mass 
difference, and we have to be content with qualitative estimates. 
We cannot even predict which of these mesons is heavier. 
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It should be stressed that the K{/—K3 mass difference would 
exist even if the decays of these particles and their lifetimes were 
absolutely the same. Imagine for the moment a fantastic universe 
in which z-mesons are heavier than K-mesons. Then the real decay 


ee” 
Ey 
o 
42 


Fic. 57 


of K-mesons into z-mesons would be forbidden and, because 
leptonic decays of K}- and K,-mesons have the same probabilities, 
these mesons would have the same lifetimes. But, even In this case, 
because of the difference in the virtual states, their masses would be 
different. In the vector diagram above the length of the vectors K° 
and K2 would not be changed, and only the angle between them 
would alter (Fig. 57). 

The K9—K? mass difference could be equal to zero only if the 
strangeness were a strictly conserved quantum number and if the 
K° — K° transition were forbidden. This is seen particularly 
clearly from the equations describing the variation of the wave 
functions K and K with time: 


—~iK=mK+6K, 
—~iK =mK + 6K. 


The dot denotes a derivative with respect to the time, while 6 
denotes the matrix element of the K — K transition. We disregard 
decays. Adding and subtracting these equations, we obtain 

—iK, = (m —0)K,, 

—iK, = (m + 0) Kp, 
It follows that Am = 26. Note that if there were an interaction 
with 4S = 2, then the amplitude of the K° > K° transition, as 
mentioned before (see p. 173), would be proportional to G and not 
to G*. In this case the K?— Ky; mass difference would be equal to 

ms. 


dm ~ Gm, ~ 10-° a 10-7 mg ~ 1017 sect. 


Pp 


An example of an interaction which might give transitions with 
AS = 2 is an interaction of the type (1m) (dn) (Fig. 58). As 
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pointed out by Glashow, only the parity conserving part of this 
interaction would give the K° > K° transition. 

The experimental fact that Amy,x, © 10!° sec-! means that 
the interaction with 4 S = 2, even if it existed, does not contain 


A a 
1? A 
FIG. 58 


any parity conserving terms (contrary to the universal V—A-inter- 
action). 

Let us examine once again the Pais—Piccioni experiment and 
derive the formulae corresponding to the vector diagrams drawn 
above, At the time ¢ = 0, the beam would represent a pure K°- 
meson State: 


K® = ——(K? + K%) at ¢+=0. 


a7 


After a time ¢ we have 
l : 
Vz (ke im,t - rt — + Ke linet “1 , 


where y, and y, are the decay rates, while m, and 1, are the masses 
of the K{-meson and K3-meson, respectively. The time f is measured 
in the rest system of the K-meson. Making use of the definition of 
K? and K3, we rewrite the preceding expression in the form 


2 — vot ¢ vat m ¢— at 
aL ln Ba lne-28) aime gime- 26 


Knowing the beam wave function, it is easy to find how many 
K°- and K°-mesons will be in the beam after a time f: 


N(K°) =4 1[e-n +e + 2e° er cos (Am. 1), 


N(K°) = 1 |e mt 4. eo Vat _ Dee AF cos am) 
for t=0, N(K®*)=1, N(K°) = 
l ] ~ ] 
for —>1>—, N(K)= NA) = 7 
Y2 Y1 


It is seen that, measuring the number of K°-mesons in a beam, 
which initially consisted of K°-mesons, as a function of the “age” 
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of the beam, one can determine 4m. The appearance of K°-mesons 
as a result of the “‘ageing” of the K°-mesons will show up in the 
formation of A-hyperons in the matter and their subsequent 


decay. 


OSCILLATIONS OF LEPTONIC DECAYS 


The leptonic decays K,3; and K,3 may serve as a good analyser 
of K°- and K°-states. If the 40 = AS rule is valid, then the decays 


K°voet+rvtan, K° sa pttvean, 

Kove +74 n°, K° + u +74 2% 
are allowed, while the decays 

K°>e +74 an, K°oau ++ nt, 

K°set+vtn, Kon ptt+tvtn 


are forbidden. Thus, the number of decays which give rise to e+ 
(or u*) (N*) is proportional to N(K°), while the number of decays 
which give rise to e~ (or 4-) (N-) is proportional to N(K°). Whence 
it follows that 


Dita 


_N*t—N- _ 2e- 2 *cos(Amt) 
“NEN em perme 


From this formula it is seen that the ratio R changes its sign with a 
period 7 = 2x/Am. The value of R differs substantially from zero, 
in so far as both K3- and K{-mesons are present in the beam 
{t S 1/y,). Comparison of the formula for R with experiment 
would enable one to find the absolute value of 4m and to check the 
AQ = ASrule.t 


R 


+ Experimental data on the K,3-decays of neutral K-mesons are in agreement 
with the JQ = AS rule; see p. 221 (note added in 1964). 


CHAPTER 16 


DUAL PROPERTIES 
OF NEUTRAL K-MESONS (continued) 


THREE TYPES OF REGENERATION 


As mentioned above, when a beam of K3-mesons passes through 
matter an admixture of K{-mesons will arise in the beam, because K 
and K possess different nuclear properties. 

As a result of interaction with nucleons the K wave will be multi- 
plied by a certain number a, and the K wave by a certain number 5; 
a and 6 are, in general, complex and contain the phase shifts of the 
waves as well as their damping: 

K+K  aKk+bK _ a(Ki+K2) _ 6(K, ~ K2) 

/2 J2 2 7 2 

_ 4a : b K. 4 a ¢ b 

If the nuclear properties of K and K were the same, then a would be 
equal to 6b and no Kj-mesons would appear. We can call the 
quantity (a — b)/2 the amplitude of the K2 — K{ transition. The 
regeneration of K}-mesons, occurring when a beam of K$-mesons 
passes through matter, can proceed in three ways: (1) on account of 
the interaction of the K-meson wave with individual nucleons of 
the nucleus; (2) on account. of the K-meson wave scattering on 
nuclei (basically, diffraction scattering); and (3) on account of the 
coherent interaction of the K-meson wave with groups of nuclei. 
The angular distribution for each of these mechanisms is different. 
The basic contribution to the forward regeneration is given by 
the two last mechanisms. As shown by Good, the ratio of the 
intensity of Kj-mesons regenerated by the coherent interaction to 
that of K°-mesons regenerated by the diffraction scattering depends 
strongly on the K° — K2 mass difference 4m. This fact was used 
by Piccioni and collaborators for the measurement of 4m. Let us 
look at the idea of their experiment. 
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K,. 


196 INTERACTION OF ELEMENTARY PARTICLES 


PICCIONID’S EXPERIMENT 


Let fp, be the amplitude for regeneration of K{’s on an indi- 
vidual nucleus. We calculate the amplitude of the coherent Ky}- 
wave produced as a beam of K3-particles passes through a thin 


Fic. 59 


plate of thickness dx (Fig. 59). The wave coming to a point A 
from an area with its centre at point B is equal to 


-ikyr 


fay N dx - odo dg, 

where N is the number of atoms in 1 cm?. For the sake of simplicity 
we Shall assume that f,; does not depend on the angle. Taking 
advantage of the fact that rdr = odo, and integrating with respect 


to m and r, we obtain 
270i . 
sf N dxe™* = idf,, Ndxe7™*, 
1 


where A = 2/k,. 

If we take into account that f,, is small, and if transitions 
K, — K, are disregarded, then it 1s easy to obtain an analogous 
formula for a plate of finite thickness L (Fig. 60). 

The Kj-wave, generated in a layer dx at a depth x, will come to 
the right edge of the plate with the amplitude 


2vyt, 2u 

Here uw is the collision length, which is the same for K? and K2, 
v is the velocity of the particles, while y = (1 — v?)-?. The first 
term in the exponent corresponds to the propagation of the K9- 
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wave to a depth x, the second one corresponds to the propagation 
of the Kj-wave, the third one describes the damping of the K°- 
wave on account of the decay of the K{-mesons and, finally, the 
last one describes the absorption of K>- and K°-mesons, due to 


nuclear collisions. We denote the decay length of the Kj-mesons 
by A(A = vyt,), and introduce the dimensionless quantities 


L 
/=— and 6 =(|m,—-m,|T,. 


A 


Let us relate the difference between the momenta k, and k, to 
that between the masses m, and m, of K2- and Kj-mesons. The 
energy of the K-meson in small-angle scattering on a heavy nucleus 
practically does not change, hence 


ki t+ nt? = kk + mi. 
It follows at once that 
kAk +mdAm = 0, 
m 


Integrating da, with respect to x from 0 to L, and taking the square 
of the absolute value of the expression obtained, we find the inten- 
sity of the coherent K}-wave: 
| |? — Al fas PNT ATH git 
; 1 + 46? 
Consider the diffraction production of K{-mesons on individual 
nuclei. The differential production cross section 1s equal to 


_ e"/2 |2 e-E/u 


do, 


= 2. 
To laa 
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The number of K?-mesons generated in a layer dx and traversing 
the layer L — x in the direction of the incident beam 1s equal to 


dn, o 2 L—-x =) 
a(S = | f2,| N. exp( byt 7 dx. 


On integrating this expression with respect to x, we obtain 


(= ) =|[fh,/?>NAQO — eet. 


The ratio of the coherent to diffraction intensity 1s equal to 
la, |? 7 4NAA2|e-!! — e-¥2|2 
dn,\°s- (1 — e4) (1 + 467) 

( dw 


and does not depend on the value of f,,. If the mass difference 
Amis large incomparison with the inverse lifetime 1/7, of the K}- 
meson (6 = |m, — m,|t > 1), then the value of R, as seen from 
the formula, will be small. If 6 ~ 1, then R can be substantially 
larger than unity. This result has a simple physical interpretation: 
if Am > 1/t,, the coherent regeneration takes place over a length 
of the order of vy/4m, whereas if Am < 1/t, it takes place over a 
length of the order of vyt,. Hence the coherent amplitude in the 
second case 1s 6 = Amt times larger than in the first. 

Passing a beam of K5-mesons through iron plates, Piccioni and 
collaborators measured the value of R and established that the 
value of 6 does not much exceed one. Consequently, dm ~ 1/t;. 


WHICH IS HEAVIER, K? OR K$? 


The experiments considered above give no answer to this question. 
several experiments that would be able to give the sign of dm 
have been proposed. 

The idea behind one of them is based on the fact that the ampli- 
tude f,, of regeneration of K{-mesons in different substances has 
different phases @. 

Consider a monochromatic beam of K35-mesons passing through 
two successive thin plates a and b of thickness d, and d,, respec- 
tively, and set apart at a distance L (Fig. 61). The amplitude of K?- 
mesons on the right of the plate b to within an irrelevant factor is 


equal to f 
1 | a el Pa- Foyt + tAmt— Fe, 
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where « is a real number characterizing the plates: 
x= Nal tn | d, 
N5| far | a 


t is the transit time between the plates (¢ = L ./(1 — v?)/v), 7, is 
the lifetime of K}, while y, and ~, are the phases discussed above: 


Tn = | fa \ elPa, fi = | fa | en !Po, 
Thus the probability for the decay of K} to be observed on the 
right of the plate b is proportional to 
1 + 2wel?" cos(Ay + Amt) + a%e/4, 


Therefore, knowing the sign of Ag and changing /, one can deter- 
mine the sign of 4m. Detailed calculations of this experiment 
taking into account the finite thickness of the plates were carried 
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out by Matinyan, who discovered that a combination of two thick 
plates put close together is optimum. The role of the variable 
distance between the plates is, in this case, played by the variable 
thickness of the plate b. 

Another possibility for measuring the sign of 4m consists in the 
determination of the number of K°-mesons after the beam of 
K8-mesons has traversed the plate a. This number, as 1s easy to 
see, must be proportional to 


] + 2Be-t/2% sin(m, + Amt), 


where f is determined by the properties of the plate. The number 
of K°-mesons can be measured either by observing hyperons 
produced by them in the plate b, or by observing their leptonic 
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decays. (If the 40 = AS rule is valid, then K° decays into 
mut + e-(u-) + %, whereas K° decays into z- + e*(u*) + ».) 

The sign of dm can, in principle, be determined also by observing 
the interference of the decays of K} and K? into m+ + 2° + 27°. 
In this case the corresponding phase shift is due to the different 
final state interaction of z-mesons produced in these two decays, 
because their orbital states are different. 


CHAPTER 17 


PARITY NON-CONSERVATION 
IN NUCLEAR FORCES 


CONTRIBUTION OF WEAK INTERACTION 


Of all the weak processes enumerated in the table of weak inter- 
actions on p. 15, there remain only the two processes to be con- 
sidered: neutron-proton scattering and A-hyperon-proton scatter- 
ing, and the strangeness-conserving weak intcraction of all strongly 
interacting particles, which is due to these processes and virtual 
strong processes. In contrast to the other examples of the weak 
Interaction, these last two are very difficult to investigate, because 
the corresponding processes can also occur by strong interactions, 
which are, of course, much stronger than the weak interaction 
contributions. However, the weak interaction part can be separated 
if advantage is taken of the fact that it does not conserve parity. 

Consequently, it is necessary to investigate experimentally parity 
non-conservation in strong interactions, which is due to the uni- 
versal weak interaction. We expect that the “odd amplitude’”’ 
admixture will be of the order of 10-’. Since parity violating 
correlations are due to interference terms, observable effects will 
be of the same order. Experiments so far done have not detected 
parity non-conservation in nuclear forces.f Unfortunately, one 
cannot calculate quantitatively the size of parity non-conserving 
terms in the nuclear forces, because the theory of strong interactions 
plays a role. 

Virtual strong interactions can change beyond recognition the 
basic “‘ weak” amplitude, and can even change its sign. 

In the literature a statement can be found that, if the sign of the 
amplitude of the parity non-conserving mp-scattering turns out 
to be negative, this will exclude the hypothesis that the weak 


+ Parity non-conservation in nuclear forces was observed experimentally in 
1964; see p. 219 (note added in 1964). 
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interaction is due to intermediate W-boson exchange (see Chapter 
18). Indeed, the “‘bare” amplitude of np-scattering in the case of 
the W-boson exchange is positive. But this cannot be said for the 
amplitude when account is taken of virtual strong interactions, 
and, hence, this prediction, strictly speaking, is incorrect. 


CAN PARITY NON-CONSERVATION 
IN STRONG INTERACTIONS BE LARGE? 


In spite of the uncertainty in the estimates of virtual strong 
interactions, it is certain that parity non-conservation effects 
resulting from the universal weak interaction must always be 
small, provided that the parity conserving amplitude does not 
turn out, for some reason or another, to be anomalously small. 

However, the question can be put in a different way: do strong 
interactions themselves conserve parity? For example, Solovyev 
put forward the hypothesis that strong interactions involving 
strange particles do not conserve parity. At one time, some ex- 
periments seemed to corroborate this hypothesis. However, at 
present, more accurate experimental data provide evidence that 
there is no strong parity non-conservation in the strong inter- 
actions. 

As to our model, the universality of the strong interaction ex- 
cludes for it the possibility of strong parity non-conservation in the 
interactions of strange particles, so long as parity is conserved in 
the interactions of z-mesons and nucleons. But the experimentally 
observed violation of unitary symmetry indicates that the A-hype- 
ron, along with its universal strong interaction, possesses some 
additional anomalous interaction. We cannot, for the present, 
exclude the possibility that this anomalous interaction does not 
conserve parity. 


CHAPTER 18 


WEAK INTERACTION 
AT SMALL DISTANCES 


STATEMENT OF THE PROBLEM 


In all the effects that we have so far considered we have assumed 
that the weak four-fermion interaction is local. We have assumed 
that all four fermion fields interact at one point in space-time. 
Such an assumption, however, only applies to particles whose 
momenta are sufficiently small. To see this, let us return to the 
process of neutrino-electron scattering (convenient because it 
involves no strongly interacting particles). 

In considering neutrino-electron scattering (Chapter 4) we found 
that the cross section for this process increases with energy: 

G2 E2 


~~! 


When E— oo, 
Jt 

where £ is the total energy in the centre-of-mass system. This 
formula was obtained under two assumptions. First, we assumed 
the weak interaction to be local. Second, we assumed the weak 
interaction to be so weak that one can apply the first order of 
perturbation theory. The energy dependence that we obtained 
points out that at high energies these assumptions are incompatible, 
because they lead to an absurd result. 

Indeed, if the initial interaction is local and if the first order of 
perturbation theory is applicable, the matrix element of the 
process is also local, i.e. the effective interaction characterizing a 
given process is local. If the effective interaction of two fermions 
is local, only the wave with a definite angular momentum 
I < 1 can take part in the scattering (in the case of ve-scattering, 
J = 0). From the unitarity of the scattering matrix it follows that 
the upper limit of the cross section in this case is 44/2, where 4 
is the wavelength of the incident particle. (The factor $ is due to 
the averaging over the polarization states of the initial electron.) 
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Thus it follows that there must be a critical energy £,, beyond 
which the formula for neutrino-electron scattering that we obtained 
violates the unitarity of the matrix element. At this energy 

G?EX Anke 


ww 


A 2 


Taking into account that, for an ultra-relativistic particle, 4 ~ 2/E, 
we may determine £,, from the preceding equation: 


Ex. = (28) = \/[2./(2) 2 105] M & 10° Bev. 


wd 
ew 


Thus, at an energy of the order of 10° BeV in the centre-of-mass 
system the formula which we obtained on the basis of the concept 
of an effective point interaction is obviously incorrect. Conse- 
quently, we have to give up at least one of the starting assumptions. 
Thus, either (1) the weak interaction is local, but it is incorrect to 
apply perturbation theory, or (2) perturbation theory can be ap- 
plied, but the weak interaction is non-local, or, finally, (3) the 
weak interaction is non-local and perturbation theory cannot be 
applied. 

The last possibility is so hopeless that we shall not consider it in 
what follows, although it is not excluded that it is just this one 
that takes place in nature. We shall dwell in more detail on the 
first and second possibility. 


A LOCAL FOUR-FERMION INTERACTION 


If the first possibility holds, i.e. if the weak four-fermion inter- 
action is local, then inapplicability of perturbation theory is quite 
natural. This was pointed out as long ago as 1936 by Heisenberg. 
Indeed, at E ~ £,, the weak interaction can no longer be considered 
as weak, because the scattering resulting from it in a channel with 
given partial wave is close to the maximum possible one. Conse- 
quently, speaking in the language of perturbation theory, it is 
necessary to take into account diagrams of higher order. The 
simplest examples of these diagrams are shown in Fig. 62. Un- 
fortunately, we are unable to calculate them. To each loop in sucha 
diagram there corresponds an integral, the calculation of which 
gives an infinite. value. In essence, we encounter here again the 
unsolved problem of strong interactions. We cannot even say, for 
the present, whether or not such a theory is consistent. 
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conservation laws. At high energies these laws have not been 
verified with an accuracy corresponding to their fundamental 
character. 


INTERMEDIATE BOSONS 


However, another possible model of the non-locality of the weak 
interaction, considered in a number of studies, is more likely. This 
is the model of heavy intermediate particles. 

We assume that the weak interaction, which at low energies 
looks like a contact interaction of two currents, 1s in fact due to 
some heavy intermediate quantum (W-boson) exchange (Fig. 63). 


Poo 
| 
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Because the weak current is a Lorentz vector, these bosons must 
be vector bosons. Since the weak current changes the electric 
charge (AQ = +1), they must be charged. Thus the weak inter- 
action reduces to the interaction of a weak current with charged 
vector bosons, and has the form 


T (Padwo + Padix)s 


where / is the interaction constant, while is the wave function 
of the boson field. Such a picture of weak interaction is particularly 
attractive because it contains, in a natural way, the product of 
currents. W-bosons interrelate all four terms of the weak current 
(Fig. 64). In this case there are not only the products of different 
currents but also quadratic terms of the type (ve) (é7). 

The matrix element for ve-scattering resulting from the W-boson 
exchange 1s of the form 


S.— Dex qg 


x 


M., = —4xf2(é 0.1) (7 Oge), 


‘B 

q? 
where q is the 4-momentum transferred by the boson, yu is the 
boson mass, while O, = y,(1 + ys). At gq? < mu? this expression 
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goes over to that for the local four-fermion interaction: 
G 


M.. = — (@ y 
ev J2 (é OY) (7,0,e), 
h 
where G_ 4af? 
/2 pe 


The boson connects, by something like a rigid spring, the two 
pairs of particles. If the momentum transferred to the spring is 
small in comparison with the rigidity of the spring, then the spring 


Fic. 64 


will appear like a rigid body (this is the local approximation); if 
the momentum Is large, the spring gets deformed (this momentum- 
dependence is a manifestation of the non-locality). 

The departure of the electron spectrum in the muon decay from 
the theoretical one with 9 = # would be one of the manifestations 
of non-locality. As shown by Lee and Yang, this departure can be 
expressed through a change in the parameter 0: 


where m,, 1s the muon mass, while yu is the W-boson mass. 

The interaction of W-boson with the weak current is not a weak 
but a “‘semi-weak” interaction: f ~ ./G. Therefore, if the W-boson 
were sufficiently light, then the probability of a decay of strange 
particles with emission of the W-boson would exceed, by many 
orders, the probabilities of decays via other channels. The absence 
of the K > W + y decay points out that the mass of the W-boson 
must be larger than that of the A-meson. 

The W-boson must decay in times that are intermediate between 
“weak”? and “‘strong’’ times. For a mass of the order of 1 BeV 
the lifetime of the W-boson must be of the order of 10-*” sec. 
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Hence it would be impossible to observe the track of this particle. 
Still, one would be able to “‘see”’ it quite reliably on the basis of its 
decay products. The W-boson must decay into leptons (W > u + », 
W—>e-+v) as well as into 2-mesons (W > 2x, W- 3z,...) 
and, ifits mass is sufficiently large, also into K-mesons(W > K +2 
and so on). In this case, strangeness conserving and strangeness 
changing decays must have comparable probabilities. 

The same “semi-weak”’ interaction is bound to lead also to 
the production of W-boson. Thus, the neutrino in the nuclear 
Coulomb field can “dissociate” into a W-boson and a muon 
or into a W-boson and an electron: 

y+Z—> ule) + We+ Z. 
This process is described by the diagrams shown in Fig. 65. 

With “‘semi-weak”’ cross sections, W-bosons should be produced 
in nuclear collisions at large energies. Such processes will look, 


v W v ft 


Ww 
“ Ww 


y 
/ yo 
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because of the short lifetime of the W-boson, like lepton production 
in nuclear interactions or like strangeness non-conservation (in 
the case of decays of the type W > K + 2). 

The search for W-bosons in stars formed by cosmic rays is of 
great interest. If the mass of the W-boson is large (for example, 
of the order of 50 BeV), then its decay products will possess large 
momenta (of the order of 25 BeV) and should be distinguishable 
from the background of particles with small transverse momenta, 
which are characteristic for cosmic rays. 

W-bosons can also be produced by the electromagnetic inter- 
action, for example the production of the W+ + W- pair in the 
Coulomb field of the nucleus. The cross section for this process on 
a heavy nucleus and sufficiently far from threshold should be of 
the order of 10-3! cm?. 

Beside charged }V-bosons, neutral ones have also been considered. 
For instance, Lee and Yang presented a scheme in which W° and 
W° are introduced in addition to W+ and W-; these four W-bosons 
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are called schizons. The introduction of neutral as well as charged 
W-bosons becomes necessary if the weak interaction is assumed to 
involve neutral currents. Such an hypothesis has been put forward 
by a number of authors in order to account for the dT = 4 rule in 
the non-leptonic decays of strange particles (see pp. 175 and 18). 
While the introduction of neutral baryonic currents encounters no 
difficulties, the introduction of neutral leptonic currents within 
the framework of the schizon scheme contradicts the absence of 
such decays as K* + 2+ + e+ + e-. Therefore the universality of 
weak interaction disappears in the schizon scheme. 

Thus, there are two possibilities. 

1. The weak interaction is actualJy a four-fermion interaction. 
In this case its “effective constant” should remain constant up to 
an energy of the order of 1000 BeV. (This refers, of course, only to 
the weak interaction of leptons; the structure of the strongly 
interacting particles will manifest itself considerably earlier.) The 
first possibility means that the range of the weak interaction is 
small (~ 10-*? cm). 

2. The four-fermion form of weak interaction is only a low- 
energy approximation. In this case, the weak interaction has a 
structure, and the dependence of its “constant”? on energy may 
manifest itself from an energy only of the order of 1 Be V. An exam- 
ple of such a possibility is the theory with intermediate vector 
mesons. The second possibility implies that the range of the weak 
interaction is large (< 10-** cm). 

Since no direct data on the range of the weak interaction are as 
yet available, we shall consider possible indirect manifestations of 
the effective ““dimensions”’ of the weak interaction. 

Unfortunately, our conclusions will be rather indefinite, because 
for the local four-fermion interaction as well as for the interaction 
of charged vector mesons there is no mathematical method for 
computing virtual processes. Contrary to quantum electrodynamics, 
these theories are non-renormalizable. Any virtual particle which 
we wish to take into account is a new infinity in the expression for 
the matrix element, and the number of these infinities is infinite. 
(In electrodynamics there are only two infinite quantities: the mass 
and charge of the electron.) 

Nevertheless we shall try to find out about the range of the 
weak interaction by examining the meaning of the equality of the 
vector constants in f-decay and w-decay. 
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EQUALITY OF THE VECTOR CONSTANTS 
OF 6-DECAY AND pu-DECAY 


In the first approximation with respect to the weak interaction 
this equality (to within electromagnetic corrections) is ensured by 
the nucleonic vector current conservation. However, the virtual 


FIG. 66 


weak interactions are bound to violate this equality. If the range 
of the weak interaction is assumed to be small, then corrections 
due to virtual weak interactions will be of the order of unity. 

We estimate, for example, corrections arising in the second 
order of perturbation theory. In f-decay we have just a diagram 
of the type of Fig. 66. If the contribution of the latter is taken 
into account, the f-decay constant reads 


i + 25] G, 


where A is the cut-off constant. (We assume that the contribution 
of diagrams with a virtual proton and virtual neutron is negligibly 
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small, because these particles have a size of ~ 10-!4cm due to 
the strong interaction.) 

In u-decay there are two types of diagrams (Fig. 67). These 
diagrams differ in the total leptonic charge of the virtual particles; 
in the first this charge equals zero, while, in the second, it equals 
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two. If the contribution of these diagrams is taken into account 
the u-decay constant reads 


AS a result we obtain 


Lo ; G,—G 
If it 1s assumed from experiment that oa does not 
B 
exceed 3 per cent, then we obtain A < 140 BeV. 
The cut-off energy 1 is connected with the range of the weak 


, ; l , 
interaction r ( ~ =): Thus, the equality of the vector constants 


in P-decay and yu-decay seems to show that r > 10-'®cm. Any 
further improvement in the accuracy of the ratio of the f-decay 
constant to the uw-decay constant encounters difficulties in inter- 
pretation due to the electromagnetic corrections. 


ABSENCE OF THE * > 2e' +e- DECAY 


A consideration of the virtual weak interactions led to the ques- 
tion whether the muon and electron neutrino are different particles. 
The point is that, if y, = y,, then it is very difficult to explain the 
absence of the decays uw — 3e and uw — e + y, which we are going 


jt e* 
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to consider. If », = »,, virtual weak interactions should give the 
decay 4 —> 3e in the second order of perturbation theory (see the 
diagram shown in Fig. 68). The matrix element corresponding to 
this diagram is equal to 

G2 AZ : : 

Wanye [weya(1 + Ys) My] [HevaCl + Ys) vel. 
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The ratio of the probability of this decay to that of the ordinary 


2 A4 
decay w>e+%v+% turns out to be Cnt From experi- 


ment this ratio is lower than 10-7, so we obtain 1 < 35 BeV. 
(It should be noted that the spectrum of e+ in this decay has the 
form (3 — 2e)e7de, while the spectrum of e~ has the form 
(1 — e) e*de, where ¢ = E/E nax-) 

If the interaction (év) (#e) is not present or if the neutrino loop 
gives a zero contribution (a possibility considered by B. L. Ioffe), 
then the 4 — 3e decay will arise in the third order of perturbation 
theory with respect to the weak interaction (see the diagram in 
Fig. 69). In this case the upper limit of 4 amounts to several 
hundred BeV. 


ABSENCE OF THE pwoe+y DECAY 


If v, = v,, then this decay should take place on account of the 
virtual weak and electromagnetic interaction (see, for example, 
the diagrams of Fig. 70). The ratio of the probability of this decay 


Fic. 70 


to that of the decay 4 >+v+ %-+ e, obtained by B. L. Ioffe, is 
equal to 


2 
20 G?A*t in <I. 
370° je? 

This ratio, as found experimentally, is lower than 10-’, so it 
follows that A < 30 BeV. It should be noted that the lower the 
limit on A, the more reliable our estimates, because the parameter 
of expansion is GA?/(2z)?. 

From the above one might get the impression that at a sufficiently 
large range of weak interaction (1 ~ 10 BeV, r ~ 10-'> cm) the 
decays u > 3e and uw — e + y should have negligible probabilities 
so that we get rid of any difficulties. However, such an impression 
is erroneous. Assuming that the weak interaction has in itself a 
large effective volume, we see at once that photons (and, conse- 
quently, e+ + e~ pairs) will begin to be emitted directly from 
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the volume in first order perturbation theory with respect to the 
weak interaction (and not in the second, as was so far the case). 
This can be displayed symbolically by a diagram (Fig. 71; the 
circle represents the region of non-locality). In general, such a 
diagram cannot be calculated. However, if the non-locality is due 


Fic. 7] 


to an intermediate charged boson (see above), then the calculation 
can be carried out. And, indeed, it has been carried out by a 
number of authors for the diagrams shown in Fig. 72, and has 
given for the ratio R of the decay rate of the u > e + y decay to 
that of the u > e + »v + % decay 
30 
R= — N, 

where N is a number dependent on the value of the anomalous 
magnetic moment of the W-boson and on the cut-off limit 4 
(again the integrals diverge as the limiting momenta of the virtual 
particles tend to infinity). 

If the anomalous magnetic moment of the W-boson is equal to 
its normal moment (Lanom. = Hos Mtotai = Hanom. + Ho = 2 Lo); then 
N = 1. If Uanom. = 0-79, then N <1; if Uanom. 1S Close to zero, 
then NV ~ 1. Apparently, it is most reasonable to assume Llanom, © 9, 
because the W-boson does not take part in strong interactions. 
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Then we obtain R ~ 10-° and have, as before, a disagreement 
with experiment. 

Besides the absence of we + y and yu > 3e decays, the fact 
that the 4 — e transitions are absent in the Coulomb field of 
nuclei is also of considerable interest. (This process might turn 
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out to be more likely than the u > e+ y decay, if the matrix 
element of the u — e transition had basically the character of a 
mono-field.) 

Thus, it is seen that the absence of the uw — 3e anduroet+y 
decays appears to be very strange if the muon and electron neu- 
trino are the same particle. On the contrary, ify, and v, are different 
particles, then the absence of uw > 3e and w>e+y decays is 
quite natural. These decays turn out to be strictly forbidden if the 
muon neutrino and electron antineutrino, produced in the u > e + 
v, + ¥, decay, can become neither a photon nor an e* + e7 pair 
by virtue of muon charge conservation. f 


t The problem of the existence of two kinds of neutrino was solved in 1962 
by an experiment, which was carried out at the Brookhaven laboratory. In this 
experiment it was discovered that muon neutrinos cannot cause the reactions 
v,+p>+n+et, » +n-> p-+e-, but give rise to analogous reactions in 
which muons are emitted instead of electrons (see p. 19). 


CHAPTER 19 


WHAT IS TO BE MEASURED, AND WHY? 


THE physics of weak interactions is in a special position. First, 
there is a theory which describes in a unified manner a wide range 
of phenomena. Second, the theory predicts a number of regularities 
which have so far not been checked. Third, there are experimental 
results which are not accounted for by the theory. 

All this gives grounds for expecting that, in the near future, 
important results, theoretical as well as experimental, will be ob- 
tained in the domain of weak interactions. Some problems in the 
physics of weak interactions, whose experimental investigation 
would be of considerable interest, are enumerated below. 


A. TEST OF THE GENERAL PROPERTIES 
OF THE THEORY 


1. Check of the universality of the V—A-interaction. (Measure- 
ment of the K,.-decay rate, measurement of the spectra, angular 
distributions and polarization of particles in the K,3- and K,3- 
decays, measurement of leptonic decays of hyperons.) 


2. Check of the square current hypothesis. (Search for ve- and 
ve-scattering and for the u*u~ and ete~ leptonic pair production 
in the interaction of the neutrino with the Coulomb field of nuclei. 
Investigation of parity non-conservation in strong interactions.) 


3. Check of CP-invariance. (Measurement of the 2- — pf + 2° 
and >- > # + a7 decays, search for K> — 2m decays.) 


4. Check of the hypothesis that the muon neutrino and electron 
neutrino are different particles. (Search for u > e + y andy > 3e 
decays. Search for the process », + n> p + e~. A more accurate 
determination of the upper limit of the muon neutrino mass. 
Search for the anomalous interaction of the muon neutrino.) 
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5. Check of the charged current hypothesis. (Search for the 
processes with neutral] currents K-a+e*+e, uw 3e, 
u- + pre +p,v+p—-y7 + p, and so on.) 


6. Search for the intermediate vector W-boson. (Photoproduction 
of W-bosons, production of W-bosons by leptons, search for 
strangeness non-conservation in strong interactions.) 


7. Search for a possible non-locality of leptonic interactions. 
(K,3- and K,,3-spectra. Measurement of the parameter in w-decay.) 


B. TEST OF THE ISOTOPIC PROPERTIES 
OF THE THEORY 


8. Check of the nucleonic vector current conservation. (Measure- 
ment of the vector constant in w-capture. Measurement of the 
a+ —+ 7° + e+ + y decay rate. Investigation of the decays 2+ > 
A° + et + 4¥,2-> > A®° 4+ e7 +3.) 

9. Check of the isotopic properties of the nucleonic current. 
(Search for the “weak dipole” and “‘effective scalar” in yu-capture 
(B-decay), and comparison of the probabilities for the decays 
S++ A®° 4+ e+ +vands° >A°4+ e748.) 

10. Check of the |4.S| S 1 rule for strangeness changing leptonic 
decays. (Search for the 5 — N + e + y decay.) 


11. Check of the dQ = 4S rule for strangeness changing lepto- 
nic decays. (Search for the decays 2+ > n + e+ + 7, Kt me7 + 
P+2n*,K° > e +74 2"*,) 

12. Check of the AT = 4 rule for strangeness changing leptonic 
decays. (Measurement of the decay rates, spectra and angular distri- 
butions of the decays K3 > a+ + e~ + and K* > 2° +e- + 7%.) 


13. Check on the |4.S] S 1 rule for non-leptonic decays. (Search 
for the 5 —> N + a decay.) 


[The points 8-13 are consequences of the Sakata model, or, in a 
_more general way, of the minimal model. In any of these, experi- 
ment can disprove the model. ] 


14. Check on the hypothesis of the restricted universality of the 
weak interaction. (Accurate measurement of hyperon f-decay 
rates, K,3- and K,,3-spectra, the spectra and polarization of particles 
in the K,,3-decay.) 
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C. ACCUMULATION OF DATA WHICH CANNOT AS YET 
BE ACCOUNTED FOR BY THEORY. 
VARIOUS PROBLEMS 


15. Check of the AT = 4 rule in non-leptonic decays. (Measure- 
ment of the t°-decay rates, measurement of the probabilities of 
the E- — A° + a and Z° > A® + n° decays and determination 
of angular and spin correlations in these decays. Measurement of 
the polarization of nucleons in the decay of polarized 2-hyperons.) 


16. Problem of the K? — K3 mass difference. (Observation of the 
oscillations. Determination of the sign of the mass difference.) 


17. Information on strong interactions. (Determination of the 
mct-interaction from the angular and energy distributions of 
m-mesons in t-decay; determination of the 4 z-interaction from the 
& — A + x decay.)f 


+ Since 1961, when this paragraph was written, some of the problems enu- 
merated in it have been investigated experimentally to some degree or other. 
However, these problems need further study (see Chapter 20). 


CHAPTER 20 


WEAK INTERACTION 
AND UNITARY SYMMETRY 


Tuis chapter, written in August 1964, has two purposes. The first 
one is to summarize briefly the results of experimental test of two 
hypotheses which can be assumed as the basis of the theory of weak 
interaction, i.e. the hypothesis of universal V—A-interaction, deter- 
mining the kinematic properties of weak processes, and the hypo- 
thesis of the so-called minimal model, determining the isotopic 
properties of these processes. 

According to the hypothesis of universal weak interaction all 
weak processes result from the interaction between currents (lep- 
tonic and hadronic) having the same form (V—A) and the same 
coupling constant G. 

The hypothesis of the minimal model postulates that the strong, 
electromagnetic and weak interactions of hadrons are due to the 
strong, electromagnetic and weak interactions of a minimum num- 
ber of fundamental baryon fields. The number of these fields is 
determined by the symmetry properties of the strong interaction 
and equals three, if one remains within the framework of isotopic 
invariance. In this case two of the fields form an isodoublet, while 
the third forms an isosinglet. 

The two hypotheses lead to a number of consequences, which 
have been tested thoroughly during the last few years. 

The second purpose of this chapter is to acquaint the reader 
with a new domain of symmetries higher than isotopic symmetry. 
The chapter deals in detail with unitary symmetry and its mani- 
festations in the weak interactions of hadrons. 

We shall begin with an enumeration of basic experimental results 
obtained during the past few years. 
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TEST OF THE GENERAL PROPERTIES OF THE THEORY 


1. All experiments on the weak interactions of leptons and ha- 
drons, which have up to now been carried out, confirm the V—A- 
theory of the weak interaction. In particular, data on K,3- and 
K,,3-decays are in excellent agreement with the theory. The K, 2- 
decay is still waiting investigation. 


2. Experimental physicists at ITEF (Inst. of Theor. and Exper. 
Phys. in Moscow) and Caltech reported that they have discovered 
parity non-conservation in nuclear forces, due to the strangeness 
conserving hadronic weak interaction. At ITEF an “up-down” 
asymmetry of photons was observed with respect to the vector 
of polarization of the neutron in the reaction 


n+ Cdtl3 — Cd'44* = Cd!44 4+ y. 


At Caltech, a circular polarization of photons was detected in the 
decay of non-polarized Ta*®’ nucleus. If the interpretation of 
these experiments is correct, then this means that the self-inter- 
action of the weak nucleonic current—a phenomenon predicted 
theoretically—has been detected. 


3. A check of CP-parity conservation in the decays of the K$- 
meson showed that the branching ratio for the K3 > 22 decay, 
forbidden by CP-parity conservation, is less than 3 x 10-%. Re- 
cently a Princeton group working at Brookhaven reported that 
this decay was observed to have a branching ratio of ~ 2 x 10-°. 
If this result is confirmed, it will be of fundamental importance. 


4. Experiments done at Brookhaven and CERN confirmed de- 
finitively the existence of two kinds of neutrino: », and »,. The 
CERN experiments did not lead to a detection of the intermediate 
W-boson. It follows from them that the intermediate W-boson, if 
it exists, has a mass Jarger than 1°8 BeV. 

The CERN experiments allowed one also to establish the upper 
limit for a possible elastic scattering of the muon neutrino on the 
proton: 

a(¥,p > »,p) $3 x 10-7 o(%,n > wp). 


This result is an argument against the existence of neutral leptonic 
currents. 
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TEST OF THE ISOTOPIC PROPERTIES 
OF THE THEORY 


5. The conservation of the nucleonic vector current has been 
confirmed by various experiments. Thus, at Dubna and CERN a 
value of (1:14 + 0-09) x 10-® was obtained for the ratio of the 
probabilities of z,3- and 2,.-decays, which is in good agreement 
with the theoretical value (1-00 + 0:02) x 10-°. 

The hypothesis of vector current conservation is also confirmed 
by data on the measurement of the weak magnetism in the decays 
N?? — C!2e+v and B!? — C!7e-F. 

The situation with the presumed equality of the u-decay con- 
stant G, and the vector constant G, of neutron f-decay is not yet 
settled. Experimentally, G, = 0-99G, if no electromagnetic cor- 
rections are applied, whereas G, = 0-98G, if account is taken of 
these corrections. Among theoreticians there is no accord as to 
how this 2 per cent departure is to be understood. Some assume 
that the constants are in fact equal, while the departure is associ- 
ated with the fact that electromagnetic corrections for the neutron 
are calculated incorrectly (speaking strictly, for strongly inter- 
acting particles the calculation of such corrections is not reliable). 
Others assume that in calculating the corrections no large error is 


TABLE 8. LEPTONIC DECAYS OF HYPERONS 


Decay N Rx 10-+ 
A> peo 194 8:6 + 0°9 
A> pu 13 1:3 + 0:6 

aS > ney 69 1242 
ot > nety 1? <1 

a > nD 22 7+1:5 
St > nutty 1? <2 
x > Aer 20 0-8 + 0:3 
Lt > APety 4 0-7 + 0-4 
5 > Ae i 3 24+ 13 
5 > Aue 0 ? 

F- > Leg 0 ? 
o> Lte a 0 ? 


The table was compiled on the basis of a report of I. V. Chuvilo (Dubna 
Conference, August 1964). N is the number of observed events; R is the ratio 
of the width of given decay to the total width for the hyperon. for instance, 

A pep 


L 
RA = a (8-6 + 0-9) x 10-4, 
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involved and that, consequently, G, and G,, differ from each other. 
This small departure would mean that the simple formulation of 
universality as meaning the equality of weak constants in different 
processes needs a revision. We shall later return to this problem 
in connection with unitary symmetry. 

Experiments checking whether or not the axial nucleonic cur- 
rent has a definite G-parity have so far been insufficiently accurate 
(see in Table 8 the probabilities of 2+ > A®° ety and S- — A°e-F 
decays). 


6. Experimental check of the JQ = AS rule has abounded in 
dramatic moments. At the 1962 Conference on the Physics of 
Elementary Particles in Geneva, various experimental proofs of 
the violation of this rule were presented. By the end of 1963 the 
situation changed, and, at the 1964 Conference on the Physics of 
Elementary Particles in Dubna, the validity of this rule was no 
longer called in question. At present, the following experimental 
results speak in favour of the AQ = AS rule: 


(i) About 100 cases of the K+ — e*v2*m~ decay and none of the 
K* — e-vata* decay were detected. 


TABLE 9. DECAY RATES FOR THE K*-MESON 


Decay Exper. decay rate (x 10° sec“) 

Kr wry 50°9 + 0°5 

K> > at 18-6 + 0°6 

K- > atatay 4-36 + 0:08 

Kt > 292° nt 1-41 + 0-08 

Kt > py 2:49 + 0:25 

K*+—> etyn° 3:79 + 0°35 

Kt > etyntam (3-4 + 0-7) x 1073 


Tre+ = (1:224 + 0-013) x 107-8 sec 


The table was compiled on the basis of a report of I. V. Chuvilo (Dubna 
Conference, August 1964). 


(ii) The ratio of the widths J’, of the K,3-decays of the Kj-meson 
and I’, of the K$-meson amounts to 


I,:1;, = 1:3 + 0-7. 


If the 40 = AS rule is valid, this ratio must be equal to one. 
(Note that in 1962 it was close to 12.) 
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(iii) About 70 cases of the 2- — ne-# decay and ~ 20 cases of 
the 2- — nu-~v decay were observed. Two cases, which can be 
interpreted, but not very convincingly, as a 4+ + ne*y and a 
d* — nut*y decay, were detected (the latter in 1962). 


(iv) Finally, in the neutrino experiment at CERN not a single 
case of the y + n + X'*+ + wo reaction, forbidden by the 40 = AS 
rule, was detected. 

Thus, the minimal model apparently stood its first experimental 
test with regard to the JO = AS rule. It should be stressed that 
the problem of the 410 = AS rule still cannot be considered as 
settled, because the theoretical accuracy of this rule is of the order 
of 10-13, whereas the accuracy reached in experiments is of order 
10-1-10-?. 


7. Experimental check of the selection rules |4S| = 1 and 
AT = 4 for strangeness changing leptonic decays yielded positive 
results. The fact that at present five cases of &- —- A°e-¥ decay 
and none of the &- — ne-# decay have been detected speaks in 
favour of the first rule. This result will Jook more conclusive if it 
is taken into account that in the latter decay the phase space is 
about 25 times larger than in the former. 

As is known, the 4T = 4 rule predicts that the ratio of K,3- 
and K,,3-decays for K3- and K+t-mesons must be equal to two. This 
ratio was found experimentally to be 2:0 + 0-5 (see Tables 9 
and 10). It would be very interesting to increase the accuracy of 


TABLE 10. DECAY RATES FOR THE K3-MESON 


Decay rate (x 10° sec7!) 


Decay predicted by the experimental 
AT = 4 rules 

K3 > atn-7° 2°9 + 0:2 28 + 0:5 
K?> n° 79 7° 4:7 + 0-4 Sit 2 
K3—> etva- 

K3—> eon 7-6 + 0-7 77 + 1-2 
K2—> putovn 

K$—-> uw int 0 O° ret 


The table was compiled on the basis of a report of I. V. Chuvilo (Dubna 
Conference, August 1964). 
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the measurement of this ratio to such a degree that departures 
from the 47 = 4 rule might be detected. Such deviations must, 
in any case, occur because of virtual electromagnetic interaction. 


8. No departures from the |AS| = 1 and AT = 1 rules were 
detected in non-leptonic decays, in spite of a considerable increase 
in the accuracy. With regard to the first of these rules, the fact 
that &- + nx~ decays, forbidden by it, were not found experi- 
mentally imposes a new independent restriction on the interaction 
with |4 S| = 2. (As is known, the observed mass difference be- 
tween Kj- and K-mesons restricts only the parity conserving part 
of this interaction.) According to Ticho’s data 


I(é&> > 127) 

I(e- > A°a-) 

The AT = 4 rule has been checked practically in all known non- 

leptonic decays. At present, the following values are in agreement 
with this rule: 

1. 1(K$ > 22°): (Ko > 22) (~ 10 per cent). 

2. (K+ > 2ata-): T(K*+ > 2n°n*) = (~ 6 percent). 

3. P(K3 — ata-a®): P(K* > 20°") (~ 20 per cent). 

4. 1°(K3 => 32°): P(K3 — ata-2®) (~ 40 per cent). 

5. P(A° > na®): P(A®° > Na) (~ 10 per cent). 

6, L(E- — A°a-): P(=° > A®°n®) (~ 20 per cent). 
Uncertainties, i.e. experimental errors and straggling in different 
experiments, are shown in parentheses. It is not impossible that at 
least a few of them should, following a prescription of Landau, be 
multiplied by 3. An accuracy of 10-20 per cent was achieved also 
in the measurement of the spin spectra from the K,3-decays 
Kt + 2nta-, K+ > 22°a* and K3 > a*2~-2°, and in the measure- 
ment of the correlation parameters in hyperon decays. To elucidate 


the nature of the 47 = 4 rule it would be very important to in- 
crease, by an order, the accuracy of the experiments. 


<5 x 107°. 


FROM THE ISOTOPIC PROPERTIES 
TO THE UNITARY ONES 


Thus, all predictions of the minimal model with regard to 1so- 
topic selection rules in weak interactions are apparently confirmed 
by experiment. 


Sa EP 
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At the same time, new data concerning strong electromagnetic 
and weak interactions apparently point to the existence of a new 
type of symmetry—a unitary symmetry, higher than isotopic in- 
variance. On the basis of the octet version of unitary symmetry 
one can modify the formulation of universality of weak interaction 
and obtain relations between the weak decays of mesons and 
baryons belonging to different isotopic multiplets. These relations 
are in good agreement with experiment. 

The minimal model, in the form presented earlier in the book, 
cannot give the octet version of unitary symmetry. It must be 
modified in such a way as to preserve all the old (isotopic) proper- 
ties of the symmetry and include new (unitary) ones. In what fol- 
lows we shall describe the general properties of unitary symmetry, 
its manifestations in strong, electromagnetic and weak interactions 
and possible modifications of the minimal model. 


SUPERMULTIPLETS 


During the last few years the family of known strongly interact- 
ing particles—hadrons—has grown several-fold. The basic result to 
which the discovery of new particles led was the establishment of 
the fact that hadrons are grouped into supermultiplets. Every 
Supermultiplet, with the exception of the simplest one, i.e. the 
scalar supermultiplet, contains several isotopic multiplets of par- 
ticles possessing a given spin and parity but different isotopic 
spins T and hypercharges Y.+ The existence of supermultiplets 
means that strong interactions satisfy a symmetry higher than 
isotopic invariance. However, considerable mass differences be- 
tween particles belonging to a given supermultiplet point out that 
this symmetry is violated substantially more than isotopic in- 
variance. The type of higher symmetry that is the most natural, 
most fully investigated and, so far, the one in best agreement with 
experiment, 1s the so-called SU3-symmetry. Here U means that 
the matrix of transformations corresponding to the group is a uni- 
tary matrix, UU* = ], while S denotes that the group is a special 


t It should be recalled that the electric charge Q of a particle is expressed in 
terms of the hypercharge Y and the third isospin component 73 by the relation 
Y 
QOQ=T3+ 5° It follows that Y = S + B, where S is the strangeness, and B is 
the baryonic charge. 
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one satisfying the requirement of unimodularity: det U = 1. The 
index 3 indicates that the matrix U is 3 x 3 and that, after the 
scalar representation, the triplet representation of the group is the 
simplest one. 

As is well known, isotopic invariance means invariance with 
respect to the group SU,. The group of isotopic transformations 
SU, 1s of first rank and has one additive quantum number 73, 
while the group SU; is of second rank and has two additive quan- 
tum numbers 7, and Y. 

In the literature, SU3-symmetry 1s frequently called unitary. 
From the above it follows that this nomenclature is, strictly, in- 
correct because the property of unitarity does not exhaust all 
properties of this symmetry and because other symmetries, for 
instance SU,, also possess the property of unitarity. Nevertheless, 
we shall employ in what follows this term, since it 1s convenient 
and widely used. 


TY-DIAGRAMS 


An isomultiplet is characterized by two numbers: 7 and Y. 
Therefore, the isomultiplets belonging to a given supermultiplet 
are conveniently presented in a plane, the values of Y being plotted. 


Fic. 73 


8 a* 
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on the y-axis and those of T on the x-axis. We shall choose the 
ratio of scales on these axes to be ¥/3/2. 

As will be shown below, supermultiplets are presented in 7'Y- 
plane by parallelograms whose sides make an angle of + 60° with 
the x-axis (see Fig. 73). To each point with integer values of 2T 
and Y in the interior of the parallelogram and on its sides there 
corresponds an isomultiplet. 

We specify a supermultiplet by two numbers (p, q). If p shows 
the number of segments into which the side AB can be divided 
(see Fig. 73), while g shows the number of segments into which 
the side AD can be divided, then the total number of isomultiplets 
in the supermultiplet will prove to be (p + 1) (¢ + 1). Taking into 
account that the number of particles in an isomultiplet 1s 27 + 1, 
and inspecting Fig. 73, is is easy to find that the mean number of 
particles in the isomultiplets of a given supermultiplet is equal to 
4(p + q +2). It follows that the total number of particles in the 
supermultiplet (p, qg) is 


n=4(p+1)@+1)(p+ q+ 2). 


One can convince oneself in a simple way of the fact that SU;- 
supermultiplets have isotopic content described by Fig. 73, if one 
proceeds from the explicit form of the tensor representation of the 
group SU,. The wave functions of the particles of a given represen- 
tation (p, g) transform like a tensor Tp) = T3°.-'77? with p contra- 
variant indices « and gq covariant indices f and trace zero, which 
is symmetric in all upper and all lower indices. Each of the indices 
o and # runs through three values: 1, 2, 3. We shall assume that 
indices 1 and g correspond to two states of an isodoublet with 
Y = +1 for upper indices and Y = — 1 for lower indices, while 
the index 3 corresponds to an isosinglet with Y = 0. 

Let us first consider states in which all 6 = 3. Also let all ax = 3. 
This state has 27 = Y = 0. If one of «’s is not equal to three, 
then 27 = Y = 1. If now two of «’s differ from 3, then 27 = Y 
= 2. If all of pa indices differ from 3, we obtain 27 = Y = p. 
Thus we have reproduced the side AB. 

Now let g — 1 indices 6 = 3, while one of the f’s differs from 3. 
If all the « = 3, then 27 = 1, Y = —1; if one of the «’s differs 
from 3, then 27 = 2, Y= 0. If for all p indices « + 3, then 
2T = Y+2=p+1. We have thus reproduced the next line, 
A’B’, parallel to AB. In an analogous way the entire diagram in 
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Fig. 73 can be reproduced. At first sight it may seem that we 
might obtain some states several times. Thus, for example, a state 
in which one of #’s and one of a’s differ from 3 gives not only 
T= 1 but also T = 0. However, by virtue of the condition of 
tracelessness of the tensor 7()), we have in essence already taken 
it into account. We propose to the reader that he prove this point 
by himself. 


TRIALITY 


As is known, isomultiplets are divided into two large groups: 
isobosons (with integer 7) and isofermions (with half-integer T). 
A system of isobosons is an isoboson. An even number of iso- 
fermions forms an isoboson, while an odd number of isofermions 
forms an isofermion. These properties are conveniently described 
if one introduces the quantity ‘duality’ d= 27 mod 2 which 
assumes two values: 0 for isobosons, and 1 for isofermions. It is 
easy to see that the duality of a system is equal to the sum of the 
dualities of the components of this system, taken modulo two. 

Likewise, for supermultiplets it is convenient to introduce the 
quantity “‘triality’’, t. We define ¢ in the following way: 


t = (p — q)mod 3. 


It is easy to see that, according to the value of ¢, all supermultiplets 
are divided into three large groups: 


t= +1, forexample: (1,0), (0,2), (2,1)... 
t= —l1, forexample: (0,1), (2,0), (1,2) ... 


t= 0, for example: (0,0), (1,1), (2,2), (3,0), (0,3) ... 


As will be seen below, the triality of a system of particles is equal 
to the sum of the trialities of these particles, taken modulo 3. 
If in a system there are n, particles with ¢ = +1, n_ particles 
with t = —1 and mp particles with t = 0, the triality of the system 
is equal to 
t = (n, — n_)mod3. 


From this it follows immediately, for example, that a system 
consisting of particles belonging to supermultiplets with ¢ = 0 is 
described by one or several supermultiplets with ¢ = 0. 
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SUPERCHARGE 


If the numbers p and g are given, the supermultiplet is still not 
defined completely, since it can be displaced in the TY-plane in 
parallel to the y-axis. In order to define completely a supermultiplet, 
it is necessary to fix the hypercharge of at least one of the constituent 
isomultiplets. It is convenient to fix Y°, i.e. the hypercharge of an 
isosinglet (the vertex A of the parallelogram in Fig. 73). Since to 
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Fic. 74 (continued opposite). 
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(14) n=35, 2-0 (40) n=15,z=1 


~4 (3.4) n=90 2=-1 (43) n=90 2=7 
Fic. 74. The drawing gives TY-diagrams of the simplest supermultiplets, The 
left-hand column gives supermultiplets with Z = —1, the central column 


gives those with Z = 0, while the right-hand column gives those with Z = +1. 

The values of Y° are chosen in such a way that the supercharge Z, defined by 

the relation Z = p — q+ 3Y°, be equal to — 1 for the left-hand column, 0 for 
the central column and + 1 for the right-hand column. 
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It is easy to see that for fractional values of O and, consequently, 
for fractional values of Y and Y°, the above relations between d 
and Y and between f and Z do not hold. 


ADDITIVITY OF Z AND MULTIPLICATION OF 
UNITARY REPRESENTATIONS 


We have noted above that the supercharge of a system of particles 
is equal to the sum of their supercharges. This property of super- 
charge is expressed mathematically in the fact that the product 
of two unitary representations (p;, q1)z, and (p2, q2)z, decom- 
poses into the sum of irreducible representations (p, g)z, where 
Z=Z;, + Zp. 

Let us convince ourselves of the additivity of Z by decomposing 
into irreducible representations the product of two unitary re- 
presentations (p;, qi)z, and (p2, G2)z,. In decomposing we can 
perform the following operations: 


1. Symmetrize the indices. 

2. Lower the indices by means of the invariant tensor &;;,. 
3. Raise the indices by means of the invariant tensor e'/*. 
4. Contract the indices by means of the invariant tensor 6}. 
5 


. Subtract the trace. 


Upon symmetrization, p = p; + po, g= 91+ G2, Y° = Y2t V2; 
consequently, Z=p—q+3Y°=Z, + Z,. 

Upon multiplication by ¢,,, p > p — 2,q > q + 1, but in this 
case Y° > Y° +2 and, consequently, Z— Z. The fact that 
Y° + Y° + 2 is associated with the fact that in the isosinglet two 
upper indices assume the values 1 and 2 instead of 3. It is easy to 
see that the multiplication by ¢;;, can be carried out p,j, times, 
where Pmin = Min (P;, P2). 

Upon multiplication bye", p = p+1,q->q—2, Y° > Y°-2, 
Z — Z. This multiplication can be done g,,;, times, where gui, = 
min (41, 42). 

Upon multiplication by 6, p>p—1,q>rq-1, Y°> Y¥°, 
and, consequently, Z — Z. Thus we see that the supercharge of 
the resulting representations is equal to the sum of the super- 
charges of the representations being multiplied. 
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SCHEME FOR MULTIPLICATION OF 
REPRESENTATIONS 


The decomposition of a product into irreducible representations 
is conveniently done according to a scheme which we shall de- 
monstrate by an example. Let the representations to be multiplied 
be (p1, 91) = (5,2) and (p2, 92) = (4,4). We write them in the 


order (52) (44). 


Above them we write additional pairs of numbers (p'{, qj) and 
(p3, 42), in which pj and p; are obtained by a successive reduction 
by unity of the numbers p, and p,, until the lowest of these becomes 
zero, while gi = g, and g; = q2. Below them we write additional 
pairs of numbers, in which g} and gq} are obtained by a successive 
reduction by unity of the numbers qg, and gq, until the lowest of 
these becomes zero, while p, = p, and p, = p>: 

(12) (04) 

(22) (14) 

(32) (24) 

(42) (34) 

(52) (44) 

(51) (43) 

(50) (42) 
We now write arepresentation obtained by symmetrization: (9,6), 
and above (below) it representations obtained as a result of action 
of the symbols ¢,, (e’*). Then we operate in every line by the 
symbols 6;. The additional pairs of numbers that we wrote earlier 
exhibit the number of free indices in a given line that can be acted 
upon by symbols 6}. 

In every line we can operate with the d-symbol a; + 5, times, 
where a; = min (p}, 3) and b; = min (pj, gi). As a result we ob- 
tain the following table of irreducible representations into which 
the sum of representations to be reduced is decomposed: 

(12) (04) (1,10), (0,9), 
(22) (14) (39), (28). (17)2 (06), 


(32) (24) (58), (47)2 (36)3 (25)3 (14)2 (03), 
(42) (34) (77), (66)2 (55)3 (44)3 (33)3 (22)2 (11), 


(52) (44) (96); (85)2 (74)3 (63)3 (52)3 (41)2 (30), 


(51) (43) (10,4); (93)2 (82)2 (71)2 (60), 
(50) (42) (11,2), (10,1), (90),. 
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The indices show the multiplicity of the representations. In every 
line the values of multiplicity form a trapezium. The multiplicity 
of the first and the last representation in a line is equal to unity. 
It increases monotonically in steps of unity toward the centre of 
the line up to a value of «, + 1, where «a, = min (a;, b,). Upon 
reaching this value it remains constant. Such a behaviour of the 
multiplicity is easily understood if one takes into consideration all 
possible ways of closing the free indices of two tensors by means 
of given number of 6-symbols. For any reader who has already 
multiplied two such cumbersome representations it will not be 
difficult to verify the well-known result 


(1,1) x (1,1) = (0,0) + G,1) + 0,1) + G,0) + (0,3) + (2,2) 
8 x 8 = 1 4+ 8 + 8 + 10 + 10 4 27. 


TABLES OF SUPERMULTIPLETS 


Hence, we have acquainted ourselves with the mathematical 
description of supermultiplets and with their classification. Now 
we have to distribute known particles over supermultiplets (see 
Tables 11 and 12). This distribution, of course, is not definitive, 
and is to be revised with the discovery of new particles and with 
progress in investigating the properties of the already known par- 
ticles. 

Unitary symmetry establishes very strict relations between 
various characteristics of particles belonging to a given super- 
multiplet. These characteristics include masses, magnetic moments 
and the amplitudes of strong, electromagnetic and weak inter- 
actions. In particular, unitary symmetry leads to the consideration 
of new group properties of weak currents. However, before pro- 
ceeding to the description of these consequences of unitary sym- 
metry we shall discuss various “‘composite’’ models from the 
standpoint of unitary symmetry. This discussion will also allow 
us to make more obvious the interpretation of the above-mentioned 
relations among the characteristics of particles. 


SUPERMULTIPLETS IN THE SAKATA MODEL 


We shall denote the unitary triplet underlying the Sakata model 
by p, n, A in order to stress the difference between these and the 
physical particles p,n, A. So far we have not considered unitary 
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symmetry but have remained within the framework of the isotopic 
group, and there was no special necessity of indicating this dif- 
ference by means of particular symbols, since the isotopic properties 
of p,n, A and p,n, A are the same. In passing over to the unitary 
group it becomes necessary to distinguish between the two sets, 
and, thus, p, , A shall stand for the particles in the triplet represen- 
tation, while the usual p, n, 4 belong, apparently, to another re- 
presentation (octet). 

Remaining within the framework of the isogroup we could, for 


example, write A=A or S+=paa, 


taking the minimal set of ‘fundamental’ particles which are ne- 
cessary for constructing physical A°- or 2'*-hyperons. Since A® 
and 2'+ belong to different isomultiplets, the number of particles 
in these sets could be different. If now we suppose that A° and 2* 
belong to one and the same supermultiplet, then also the minimal 
number of fundamental particles from which the sets can be formed 
must be the same. The composite model must now satisfy additional 
requirements. Therefore, a model which describes correctly the 
isotopic properties of hadrons may turn out to be incapable of 
describing their unitary properties. 

In the Sakata model the “building material’’ is the triplet of 


baryons p, n, A with Z = 1 and the triplet of antibaryons p, 2, A 
with Z =— 1. Since mesons consist of equal numbers of baryons 
and antibaryons, for them Z = 0 in the Sakata model. Analogous 
reasoning leads to the conclusion that all baryon supermultiplets 
in the Sakata model must have Z = |. In general, in the Sakata 


model 7=B 
where B is the baryonic charge of the particle or the system of 
particles. 

If we had chosen the triplet A, 7°, Z- with Z = —1 to be 
fundamental, then in such a model we would have 


Z= —B., 


Here we have arrived at a basic point, which is crucial for the 
Sakata model as well as for any minimal model. In a minimal 
model there are no superneutral supermultiplets. At the same 
time, as found experimentally (see Table 11), the baryon super- 
multiplets: singlet (0,0), octet (1,1) and decuplet (3,0) with Z = 0 
apparently exist. We say “‘apparently’’, since experimental in- 
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vestigation of the mass spectrum of baryons and determination 
of their spins and parities is not only not yet completed but is rather 
in its initial stage. 

In the minimal model the lowest supermultiplet, which comprises 
8 known baryons N, A, 2, &, must contain 15 particles: either (2,1) 
or (1,2). In the first case this multiplet must contain also the 
resonances N3/,. (T = 3, Y = +1) and Z,(T = 1, Y = 2). In the 
second case it must contain the resonances 23,.(T = 3, Y= —1) 
and £2,(T = 1, Y = — 2) (see Fig. 74). Such resonances, in the 
mass range investigated, have not been observed experimentally. 
True, considering the strong violation of unitary symmetry, one 
might hope that these resonances will show up at larger masses. 
One might even hope that the recently discovered (2--hyperon has 
T = 1,/ = 4and P = 1. Its quantum numbers are not yet known. 
However, these hopes are in contradiction with the Gell-Mann- 
Okubo formula, which establishes definite relations between the 
masses of isomultiplets contained in a given supermultiplet, in the 
case that unitary symmetry is violated. We shall discuss this for- 
mula later. In the meanwhile we note that, instead of the decuplet 
(3,0) in the minimal model, one would have to consider either the 
supermultiplet (3,1) containing besides (4, +, 2,2) four more 
other 1tsomultiplets (in all 24 particles), or the supermultiplet (4,0) 
containing only one additional isomultiplet Z,(T = 2, Y = +2). 
According to the Gell-Mann-Okubo formula, the mass of this 
particle would be about 1090 MeV. 


THE EIGHTFOLD WAY 


The difficulties enumerated above are absent in the Gell-Mann- 
Ne’eman eightfold way scheme. According to it, the baryon octet 
N, A, XY’, & with Z = 0 is taken as the basis of the theory. Hence 
all supermultiplets in this scheme have Z = 0. 

In the set-up of the eightfold way the octet representation (1,1) 
of the group SU; plays an important role. (It 1s sometimes called 
the vectorial representation.) This representation exists for meson 
supermultiplets as well as for baryon ones. 

In the spirit of the eightfold way one may naturally take the 
electromagnetic and the weak currents, the non-leptonic weak 
interaction and the unitary symmetry violating moderately strong 
interaction to be components of the corresponding 8-vectors. The 
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consequences of these assumptions are in good agreement with 
experiment. 

A shortcoming of the scheme of eightfold way is the fact that the 
selection rules that arise automatically in a minimal model must 
be postulated here. Moreover, it is still not clear why, in a theory 
based on eight initial fields, SU3-symmetry holds and not SU g. To 
avoid these difficulties, Gell-Mann and, independently, Zweig have 
put forward a theory based on triplets with Z = 0; Gell-Mann 
calls the triplets quarks, and Zweig calls them aces. 


QUARKS 


Ordinary unitary triplets (see Fig. 74) have Z = +1. In order to 
obtain Z = 0, it is necessary to introduce particles with fractional 
values of QO and, consequently, with fractional values of Y. The 
baryon octet and decuplet observed experimentally are in this 
case obtained as a system of three quarks g,, q2, q3, the quantum 
numbers of which are given in Table 13. The quarks q, and qz, 


TABLE 13 


Quantum 
numbers 


Quarks 


like p and # in the Sakata model, form an isodoublet, whereas 
the quark q3, like A, forms an isosinglet; altogether they form a 
unitary triplet. It 1s easy to see that a system consisting of three 
quarks, each of which can be in three charge states, has, in all, 
3° = 27 states. These states are classified in the following way. Let 
us consider 9 states of two quarks. They are divided into 6 sym- 
metric and 3 antisymmetric states. Adding to the 3 antisymmetric 
states the third quark, we obtain 1 completely antisymmetric 
state and 8 states of mixed symmetry. Adding the third quark to 
the 6 symmetric states, we get 8 states of mixed symmetry and 
10 completely symmetric states. Thus, for baryons in the quark 
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model we have 
3x3x3=1+8+48 4 10. 


(In the tensor formalism we have 
TW TD TOD — TO -+- TO + TW -+- T®) 
(0) ~ (0) ~* (0) (0) (1) (1) (0)°) 


Mesons in the quark model are obtained as bound states of a 
quark and an antiquark: 


3x3=1+4+8. 


It is easy to see that Q and Y are in this case integers. 

The quark model possesses all the merits of a minimal model 
with regard to weak interactions: conservation of the vector cur- 
rent with AY = 0, the T = 1 rule for the vector current and the 
axial current with JY = 0, the rules 40 = AY and AT = + for 
a current with |4 Y| = 1, and the absence of currents and hadronic 
decays with |4Y] = 2. Moreover, the quark model, in contrast 
to a minimal model, gives baryon supermultiplets with Z = 0. 
The only disadvantage of this model is that neither quarks nor 
diquarks (systems of two quarks) have as yet been observed in 
nature. 


FOUR-BARYON MODEL AND SUPERCHARGED 
PARTICLES 


If there are no particles with fractional charges, then the most 
economic generalization of the minimal model, preserving all 
merits of the latter, is a model in which, along with a unitary 


r 
7 
y Vf? 
43 2 7 0-1 -2 -3 -4 
Fic. 75 


baryon triplet, a unitary singlet 1s introduced. In this case, as in 
the minimal model, any of the “dumb-bells”’ shown in Fig. 75 can 
be chosen to be the fundamental triplet. One has to take as the sing- 
let the baryon V with T = 0 and Y = 0. The introduction of the 
unitary baryon singlet breaks the relation between baryonic charge 
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and supercharge, existing in the minimal model. Thus, for example, 
adding a V-hyperon to a meson octet, we obtain a baryon octet 
with Z = 0. In this sense, the addition of a V-hyperon to the 
Sakata model is analogous to the addition of a A-hyperon to the 
Fermi-Yang model, which Sakata did ten years ago. Introducing 
the A-hyperon allowed one to break up the relation between the 
baryonic charge and hypercharge, which existed in the Fermi-Yang 
model where all mesons had to have Y = 0 and all baryons 
Y = 1. However, there is an essential difference between the intro- 
duction of the A-hyperon and that of V-hyperon. By 1956, when 
the Sakata model was proposed, -mesons and nucleons, as well 
as strange particles, were already known. But at present only super- 
neutral particles (with Z = 0) are known, whereas supercharged 
ones (with Z + 0) have not been observed experimentally. If a 
composite model based on four baryon fields is valid, then one 
can expect that supercharged mesons and baryons should exist 
along with superneutral ones. The fact that the former have not 
as yet been discovered is perhaps associated with the fact that 
their masses are larger than those of superneutral particles. It is 
also not excluded that some already discovered resonances be- 
long to such supercharged supermultiplets. Experimental obser- 
vation of supercharged particles would allow one to answer the 
very important and interesting question as to which interactions 
conserve the supercharge Z. 

In principle, supercharge may turn out to be a Strictly conserved 
quantum number. Then the lightest particles among the super- 
charged ones should be stable. Of great interest is the possibility 
that supercharge is conserved by all known interactions and its 
conservation is violated only by a new interaction as yet un- 
known, which might be, for example, weaker than the weak inter- 
action. The supercharge might be not conserved by the weak 
interaction. Then supercharged weak currents should exist. To 
discover and investigate effects associated with these currents one 
might make use of high-energy neutrino experiments. 

It may be that the supercharge is conserved only by the unitary 
symmetric strong interaction and is not conserved even by the 
moderately strong interaction, which violates unitary symmetry 
and whose properties will be discussed in detail below. In this case, 
supercharged particles might be generated in strong interactions 
individually (not in pairs). 


241 


WEAK INTERACTION AND UNITARY SYMMETRY 


OL OI 


242 INTERACTION OF ELEMENTARY PARTICLES 


OTHER MODELS 


The introduction of the V-hyperon appears to be the simplest 
but not the only way of breaking the relation between the baryonic 
number and supercharge, existing in the minimal model. It is ob- 
vious that the same result can be achieved by adding to a baryon 
triplet, for example, a meson triplet, or a triplet of particles with 
baryonic charge 2. 

All such models predict along with the existence of superneutral 
particles the existence of supercharged particles as well. 


MODELS AND MATHEMATICAL FORMALISM 


So far we have studied the problem of how supermultiplets are 
classified and which supermultiplets occur in one or another 
model. 

We shall now discuss which experimentally observable conse- 
quences will emerge if one assumes that the known hadrons and 
weak hadronic currents belong to the representations of the uni- 


Fic. 77 


tary group, and that the strong interaction is SU;3-invariant. In 
considering the consequences of unitary symmetry we shall widely 
use the language of composite models. This makes the discussion 
less formal and more obvious. However, it should be stressed that 
the results which we shall derive are not a consequence of compo- 
site models but of the symmetry properties we postulate, which 
are manifested most simply in composite models. In what follows 
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we shall start the discussion with the example of the Sakata model, 
using the fact that it is better known and that the transition to 
other models (e.g. to the quark model or the four-baryon model) 
is trivial. 

The discussion which we give below using the example of the 
Sakata model is easily “‘formalized” if advantage is taken of the 


fact that p, n, A (p,n, A) are three components of the unitary 
triplet 7*, T°, T° (T,, T,, T3) and that “composite” supermulti- 
plets are irreducible representations into which the products of 
**fundamental”’ triplets are decomposed. 


T3Y-DIAGRAMS 


We begin with a more detailed consideration of some super- 
multiplets, for instance, (1,0), (1,1), (3,0) and (2,2). ““Turning” the 
TY-diagrams, from right to left, for these supermultiplets we obtain 
diagrams in which the values of Y are plotted as before on the 
y-axis while on the x-axis the values of the third component, 73, 
of the isotopic spin of the particles contained in the supermultiplets 
are plotted (see Fig. 76). Note that in certain cases several particles 
get into one point in the diagram. These points are marked by 
concentric circles. 

U-SPIN 


As is easy to see, all 7; Y-diagrams are symmetric with respect 
to rotations through 120° (see Fig. 77). This graphical symmetry 
reflects a symmetry which is most obviously manifested in the 
Sakata model: when all interactions, except the unitary symmetric, 
are ‘‘switched off”, the three fundamental particles p, n, A can 
be interchanged. 


TABLE 14 
| Singlet | Doublet 


T-spin pin 


U-spin n, A 


A, p 
In the approximation of a unitary interaction the masses of all 


particles contained in a supermultiplet are the same. Taking this 
into account, we can classify the particles in a supermultiplet not 
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only into isotopic multiplets (7-multiplets), containing particles 
lying on one horizontal line, but also into U-multiplets and V- 
multiplets (see Fig. 77). Thus, along with 7-spin we can consider 
U-spin and V-spin. This corresponds to the fact that in the unitary 
approximation the three fundamental fields can be broken up into 
a doublet and a singlet in three ways (see Table 14). 

The concept of U-spin proves to be extremely fruitful in studying 
the moderately strong and electromagnetic interaction. For the 
latter, this is easily understood if we take into account that the 
photon, interacting in the Sakata model only with a proton, repre- 
sents a mixture of a scalar and a vector in 7-spin space and a scalar 
in U-spin space. 

Thus, the electromagnetic interaction conserves U-spin. 


MODERATELY STRONG INTERACTION 


In the picture that we are describing the strong interaction can 
be divided into two parts: the very strong interaction possessing 
unitary symmetry, and the moderately strong interaction violating 
this symmetry. It is the moderately strong interaction that we shall 
assume to be responsible for the considerable departures from uni- 
tary symmetry that occur in nature. In particular, just this inter- 
action is responsible for the mass difference between particles 
having different J and Y but belonging to one unitary super- 
multiplet. 

In the Sakata model, for instance, the moderately strong inter- 
action leads to a mass difference between p and n on the one hand, 
and A on the other hand. It would hence be natural to try to inter- 


pret it, for example, as a correction AmAA to the mass of the 
A-hyperon. From the standpoint of T-spin such a term is an isotopic 
scalar. From the standpoint of U-spin it is a linear superposition 
of a U-scalar and the neutral component of a U-vector. Such a 
hypothesis on the transformation properties of the moderately 
strong interaction has two merits. First, it is simple. Second, it 
leads to consequences which are in striking agreement with ex- 
perimental data. 


MASS FORMULA FOR DECUPLET 


In what follows we shall consider the mass splitting to first 
order in the moderately strong interaction. From the point of 
view of U-spin, the negatively charged particles Q-, 5-, Y-, A- 
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contained in a decuplet form a U-quadruplet (see Fig. 76). If it is 
assumed that the moderately strong interaction is a mixture of a 
U-scalar and a U-vector, then it must change the masses of these 
particles: the U-scalar part will change them all by the same 
amount, while the U-vector part will change them proportionally 
to the values of the third component U3; of U-spin, which are 
equal to + 3 for A-, +4 for L-, —4 for 5-, and — 3 for Q-. From 
this it follows immediately that the masses of A, 2, =, £2 must be 
spaced equally, varying linearly with Y. This equal spacing for 
A, Sand & was known long ago and allowed Gell-Mann to predict 
the mass of the 2-hyperon, the existence of which was at that time 
still hypothetical. In 1964 this hyperon was discovered, and its 
mass turned out to be exactly the one predicted (see Table 11). 


MASS FORMULA FOR OCTET 


The derivation of a formula for the octet 1s somewhat more 
complex. This is associated with the fact that in the centre of the 
T, Y-diagram for octet there are two states. If they are classified 
according to the J-spin, then for a baryon octet they are 4° and 
A°, (We shall denote them by 2,7 and A;.) If they are classified 
according to the U-spin, then they will be two other states, 2, and Ay, 
which are linear combinations of 2; and A;. For an octet of 
pseudoscalar mesons, there are mp and yr (ay and yy) in the 
centre. We shall now find by means of the Sakata model a relation 
between %y, Ny and ar, Nr. The same relation will hold between 
Sy, Ay and X;, Ay. In the Sakata model, charged and (or) hyper- 
charged mesons, lying on the periphery of the hexagon in Fig. 76, 
have the following structure: 


7+ =pn a =pn 
K+ =pA K-=pA 
Ko =nA K° =RA. 


The two neutral components of the octet in the S$ U3-symmetry 
model are chosen in the following way. One of them, 2, with 
T = 1, must have the form 


l ~ - 
tp = ya PP — nn). 
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(The term <2;|M|A;> is equal to zero by virtue of the isotopic 
invariance of M.) Finally we obtain 


3m, + My = 2mg + 2m,. 


In the meson octet, an analogous relation is written usually for the 
squared masses of the mesons, taking into account thatit is just these 
that enter the Klein—-Gordon equation: 


3m, + mz = 4m. 


These two relations are in good agreement with experiment. For 
vector mesons the analogous relation 


3m, + mg = 4m 


does not hold strictly, which can be accounted for by the fact that 
the unitary singlet wis near by and that the mixing w <-> g, through 
which each: of these states becomes a mixture of a unitary singlet 
and an octet, plays an important role. 


MASS FORMULA FOR ANY SUPERMULTIPLET 


The formula of mass splitting for any supermultiplet was derived 
by Okubo and has the form 


m(Y,T)=a+6Y+c[47(7 4+ 1) - Y?], 


where a, b, c are certain constants characteristic of given multiplet, 
while Y and J are the values of hypercharge and isospin for the 
particles of given isomultiplet entering the supermultiplet. 

For lines with given p; or g; in the 7 Y-diagrams (see Fig. 73) 
the relation 27 = + Y + const holds, hence isomultiplets distri- 
buted along such lines are equidistant. The example of decuplet 
considered above is a particular case of this regularity. It 1s easy 
to verify that also the mass relation for the octet is a particular case 
of the Okubo formula. This formula was derived under the as- 
sumption that the mass splitting interaction has the transformation 
properties of a component of an octet 7%}. In this case the “mass 
amplitudes” of the particles of a supermultiplet must themselves 
be the components of an 8-vector. Phenomenologically, we have 
to construct these ‘“‘mass amplitudes’’ from the wave functions of 
the particles. The representation (1,1), in general, enters the pro- 
duct (p, g)(q, p) twice. To this there correspond two splitting 
parameters (b and c) in the mass formula. For representations of 
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the type (p, 0) the splitting is determined by one parameter and 
is equidistant, since the representation (1,1) enters a product of 
the type (p, 0) (0, p) once. 

It is easy to see that the assumption that the moderately strong 
interaction is the sum of a U-scalar and a U-vector is equivalent 
to the assumption that it isa component of an 8-vector with T = 0 
plus a unitary scalar. Indeed, in the Sakata model, 

— 1 ppt+tnn+AA V(5 (pp + ni — 2 AA) 

AA = —— = _____—. —_ J / | — | =. 

BT Ss 

The hypothesis according to which the Lagrangian of the moder- 
ately strong interaction is a component of the triplet T” + 7,), 
is very attractive. In this case, octet properties arise in the second 
order of perturbation theory in this interaction: T°7,, = To; 
+ T. The simplest realization of this idea is the transition 
A — V in the four-baryon model, which in the second order gives 
A> Vo A. 


ELECTROMAGNETIC PROPERTIES 


The U-invariance of electromagnetic interaction allows one to 
obtain easily a number of relations between the electromagnetic 
properties of the particles contained in a supermultiplet. For 
example, for magnetic moments the following relations must hold: 


rt = Mp 
Me- = bx- 
Mn = fz0 


— 3 + ! y3 — o 
ba = 4 [a0 4 [zo 9) fs0A0 (Un _ xg) 


3 
2040 = J (uss — jae) (us°,29, = QO). 


(Here fro yo is the magnetic moment of the transition 2° > A®, 
determining the probability of the 2° — A°® + y decay.) These 
five relations follow directly from the fact that the photon is a U- 
scalar. From the two last relations and the isotopic relation 
Queso = s+ + My- it follows that 


— 3 — 1 
Hn = F409 — Foro = Fptyo — FMxt — Zps-. 
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In models (of the type of the four-baryon model) in which, along 
with superneutral particles, there are supercharged ones, no other 
relations arise between magnetic moments in a baryon octet. But, 
if supercharged particles are absent, as, for example, in the eight- 
fold way or in the quark model, then this implies one more relation 
between the magnetic moments of the baryons. As was noted by 
Prentki, this additional relation could be written in the form 


Mp + My + go + llg- + Mss + Mes- +s? + wy? = 0, 
from which it follows that 
[iso + Kyo = O. 
Taking into account the relations obtained above, we have: 


My = 2M 40, ly = — bse — Mem. 

The existence of the additional relation in the case of superneutral 
models is connected with the fact that in them the electromagnetic 
current contains no term that is a unitary scalar (see below). 

Proceeding from the fact the photon is a U-scalar, it 1s easy to 
obtain relations between electromagnetic mass splittings in different 
isomultiplets of a given supermultiplet. In particular, for electro- 
magnetic mass shifts in a baryon octet, we have 


Oms+ =0m,, OM, =OmM=z0, OMs- = OMy-. 


In order to compare these relations with experiment, we write them 
in the form 
dms+ — Omr- = 6m, — 6m, + Omz0 — Omz- 


or 


Ms» — Ms- = 1, — M1, + Meo — Mez-. 


Pp 
This equality is valid if in calculating electromagnetic mass dif- 
ferences the moderately strong interaction can be disregarded. Ex- 
perimentally this relation holds to within an accuracy of the order 
of 20 per cent. 


MODIFIED UNIVERSALITY OF THE 
WEAK INTERACTION 


The unitary symmetry of the strong interaction leads to a number 
of important consequences, concerning not only the form of the 
matrix elements of weak processes but also that of the weak 
interaction Lagrangian. This is accounted for by the fact that in 
the presence of unitary symmetry the constants of the vector cur- 
rents do not change under the action of virtual strong interactions. 


Q* 
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A well-known example of this is the non-renormalization of the 
constant G, of the strangeness conserving nucleonic vector current. 
In the Sakata model this current has the form ny, p, and, like the 
electric current py,p, is conserved if the strong interactions of ” 
and p are the same. In the limit of a unitary symmetric strong 
interaction, the interactions of all three fundamental particles 


p,n, A are the same. Hence the current Ay,p, which changes 
strangeness by unity, is also conserved, while the corresponding 
constant G, must remain unchanged. Since experimentally the 
probabilities of strangeness changing leptonic decays are suppres- 
sed by a factor of ~ 20 in comparison with those of strangeness 
conserving leptonic decays, it follows that G, ~ - G-. Thus, 
we are led to the hypothesis of restricted universality of the weak 
interaction: the V—A form of various currents is the same, while 
the constants are different. Complete universality can be re- 
established if it is assumed that the neutron and A-hyperon, them- 
selves, do not enter the weak current, but rather a linear combi- 


nation ncos?+ Asin ®. 


In correspondence with this version of universality we choose 


the weak interaction constant of the current (n cos ® + Asin 8) p 
to be equal to the weak interaction constant of leptonic currents 
G,, determined from the u-decay. Then we have: G, = G, cos 9, 
G, = G, sin # and, consequently, 
Gi, + G, = Gi. 

The universality of the weak interaction constant turns out to be 
re-established in the sense that now the constants for the hadronic 
current (#cos? + Asin #) p and for each of the two leptonic 
currents (muonic current “», and electronic current é@v,) are the 
same. (It should be noted that, if there were not two kinds of 


neutrinos, but only one, the requirements of universality would 
lead us to the relations 


G, =\(2)G, cos 3, Gy = /(2)G,sin 8, G2 + G2 = 2G%, 
which contradict experiment.) 

For G, = 0-05G;, we obtained Gz x 0-95G?. On taking into 
account numerous corrections of electromagnetic origin, experiment 
gives G, ~ 0:98G/. Unfortunately, the question of how reliable 
this result is remains, as yet, open. 
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MATRIX OF EIGHT CURRENTS 


It is easy to see that the weak hadronic current (”cos 0 


+ Asin #) p, with which we are concerned, belongs to the (1,1) 
representation of the group SU;. We have already considered this 
representation, which is called the vectorial or regular representa- 
tion, in connection with the octets of mesons and baryons. Eight 
components of this representation play the same role in the group 
SU; as three components of the vector representation in the group 
SU,. The eight-current tensor J%}, corresponding to the regular 
representation, can be written in the form of a traceless matrix, 
which in the Sakata model has the form 


, {spp — nn — AA) pn pA 
JB = 2 np 1(2nn — AA — pp) _ nA 
Ap An 1(2AA — pp — nn) 


We do not write here spin-space variables. Terms with y, form 
an octet of vector currents, while those with y,y; form an octet 
of axial currents. Note that the generally adopted normalization 
of currents which we are using differs from the normalization of 
the wave functions of the composite mesons (see above) by a 
factor of 1/)2. 

The diagonal elements of the matrix J3 are a linear combination 
of two orthogonal neutral currents which are usually denoted by 


js and js: 5, = 4(pp — fin), T=1, 
l _ 
[7 = ——— (PD nn — 2AA T= 0. 
J8 23 (pp + nn 2 ); 


Three complex currents pa, pA, nA and three conjugate currents 
ip, Ap, An can be written as linear combinations of six real cur- 


rents j, --: je. As a result we obtain 
istry tthe ie ti 
Je= 7 Ii — U2 ha tay Jo + U7 
. - 2Jg 
Ja — ts Jo — '7 —_ 3 
In our new notation the weak hadronic current has the form 
cos O(j, + ij2) + sin 0CUs + Ts). 
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(We assume that one and the same angle # enters the expression 
for the axial and vector hadronic current.) 
The electromagnetic current in the Sakata model has the form 


oe 2, 
Jer = PP = J3 4 378 + 5. 


Here the index v shows that the current 1s a vector current (y,). The 
unitary-singlet current jg in the Sakata model has the form 


] 

Jo = Yo 
The presence of the term jp in the electromagnetic current 1s as- 
sociated with the fact that in the Sakata model there are super- 
charged particles. Since the mean electric charge of the super- 
charged multiplet differs from zero (Z =3<Q®> + 0), the 
current jo for supercharged particles interacts with photons. For 
superneutral particles the current jp is electroneutral, and does not 
enter the expression for the electromagnetic current. Thus, for 
example, in the quark model 


(pp +7n + AA). 


. 20 1. te pp ytp 
Je = 3 Gi 3 242 3 4393 = J3 3 Js: 


An analogous relation is valid also in the eightfold way. The matrix 
J can be written in the form 
JB = ji Aib> 


where / = I, ... 8, while the matrices 2;, introduced by Gell-Mann, 
have the form 


010 0 —-i0 1 00 
4,={100 4,={i 00] Az;=l0 -10 
000 00 0 0 00 
001 00-i 000 
ds =1000 4;=100 0) %4&=[001 
100 i 00 010 
00 0 1/3 0 0 


h4 = 0 0 — 1 hg = 0 1/}'3 0 
07 0 0 0 -2/73 
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It is easy to verify that the matrices /, satisfy the relations 
Spa,a; = 26;;, 
[A:45] = Ziff ijchs 
{A:4;} = $6,,.1 + 2djjAy. 


The symbols i x(fij.) are real and completely symmetric (anti- 
symmetric). This is easy to verify if one multiplies by 4, the last 
two relations and calculates the trace: 


SPA AAs] = 4ifiie, 
S'p1,{4;2,} = Ad; j,. 


Let us write the elements f,, and d,,, differring from zero: 


ijk Sra | ijk As jx ijk Gi jk 
123 1 146 4 1 
147 } 157 4 “WS 3B 
i560 —-4 228 1/y3 i 
246 4 247-4 558-55 
257 } 256 } 
345 4 338 1/y3 | 668 ——— 
367-4 344 } 2y3 
458  -y(3)/2| 355. 4 s7g 
678 y¥(3)/2| 366 —4 2y3 
118 = 1/7 377-4 888 — 1//3 


It is easy to see that an element d,,,(jf;;,) is equal to zero 1f among 
its indices there is an odd (even) number of indices 2, 5, 7. The 
peculiarity of these indices is associated with the fact that the matri- 
ces /j,, 45, A, are antisymmetric, in contrast to the other A matrices. 
We have given the properties of the matrices 4 and symbols fand d 
for reference. In the meanwhile we return to the currents /;. 

We assume that the weak vector hadronic current isin an octet 
with the electromagnetic hadronic current. Furthermore, we assume 
that the weak axial hadronic current is also a member of an octet. 
These assumptions are a unitary generalization of the isotopic 
properties of the hadronic current with 4d Y = 0. (Note that the 
vector component of this current enters an isotopic triplet with the 
isovector component of the electromagnetic current, while the 
axial component of this current is a member of an isotroplet.) 
But now both the isoscalar component of the electromagnetic 
current and the strange hadronic current (with |4 Y| = 1) are 
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involved. Such a generalization possesses a number of merits. In 
particular, it has as a consequence, for the current with |4Y| =], 
that it should be an isospinor and satisfy the JO = AY rule. Be- 
fore, these properties of the strange current could only be related 
to those of the strangeness conserving current within the frame- 
work of a minimal model. Now they turn out to be among the 
manifestations of a more general symmetry property. 

Besides the prediction of the isotopic properties of the strange 
current we obtained as a bonus one more important consequence— 
in the approximation in which the moderately strong interaction is 
switched off, the strange vector current must be conserved. This 
property follows from the fact that the strange vector current 
enters an octet with the conserved electromagnetic current, and 
that all members of the octet must possess identical properties. 

Let us now consider consequences resulting from these properties 
of the weak hadronic current. We begin with the decay of mesons. 


LEPTONIC DECAYS OF MESONS 


An octet of pseudoscalar mesons, like a current octet, is described 
by a rank-two tensor P% with trace zero: 


me” ' : 
y2 + 6 It K 
71° n° 
PZ = m- — 4 _ Ke 
K- Ro 2m 
y6 


(the upper index is the column number, while the lower one is the 
row number). We consider first decays due to the axial current. 
Proceeding from the form of the weak hadronic current it is easy 
to conclude that the amplitudes of the decays K > wv anda > wy 
must be in the ratio sin ?: cos ® Comparing with experiment the 
theoretical relation 

I'(K > py) — tan? p ZK. (1 — mi, |miz,)? 

I(x > pv) m, (1 — mi,/mz)? ’ 
we find ? ~ 0-26. 

We shall construct the amplitudes of the decays 2.3, K,3 and 

K,3, due to vector currents, in the following way. Since the weak 
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current is an 8-vector, also the amplitudes must be 8-vectors. 
From two 8-vectors (of the initial and the final meson) an amplitude 
which transforms like an 8-vector can be obtained, in general, 
in two different ways: 


PEPS + P3P, and PRPs — PP. 
The first of these tensors is symmetric with respect to the ex- 
change P <> P, whereas the second is antisymmetric. The inter- 
action of the first tensor with the leptonic current is called the D- 
coupling, while that of the second tensor is called the F-coupling. 
In the case of K,3- and 2,3-decays, only the F-coupling gives a 

contribution. This can be seen in the following way: 
As is known, in general, the amplitude of decays of the type 
**“meson — meson + leptons’’ (for instance, K,3) can contain two 


terms: (Pe + Pp)x + &(Pe — Pax] lo. 


However, the requirement of current conservation in the approxi- 
mation of a unitary symmetric strong interaction and equal masses 
for K- and zt-mesons leads to the condition & = 0. This means that 
in the annihilation channel in a system of two mesons there re- 
mains only a P-wave, and, consequently, the space part of their 
wave function is antisymmetric. But, the total wave function of 
two mesons belonging to the same supermultiplet must be sym- 
metric. Consequently, it must be antisymmetric in unitary spin 
variables. 

If we take into account that to the strangeness conserving 
interaction there corresponds a term P?}P,, — P,,P3, while to the 
strangeness violating interaction there corresponds a term P?P, 
— P},P%, then it is easy to obtain the expression for the amplitude 
of the vector interaction of mesons with leptons: 


— {Ly 2(@?* — 7-0°) + K-K° — K°K*|cosd 


* | B (KY — Kea’) + \'5 (79 K* — K-4°) + %-K° + Kon* 
x sin of I. 


Here / stands for the leptonic current; spin-space variables are 
omitted. We see that the ratio of the amplitudes of K,3- and 2,3- 
decays is equal to $ tan #. This ratio is also easily obtained in an 


9a EP 
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elementary way. In the Sakata model the amplitudes for the de- 
cays Kt > m° ev and a+ > 7° ev are, respectively, equal to 


sin ? 
_ — pDiA 
a (pp —tn|pA) = + 3 Cp\|A), 


cos 8 (Bp ~ in| = a (<Pln> — <aip>} 


= cos? (pin. 
It follows that their ratio, in the limit of unitary symmetry, is equal 
to 4 tan. When comparing with experiment the ratio I’y,,: L4,,, 
calculated by means of these amplitudes, we obtain for the angle 
a value of ~ 0-22, which is in good agreement with that ob- 
tained from K,. and 2,,.-decays. 

Data on the K,3-decay also yield an argument in favour of the 
validity of the picture described above. The ratio of the K,3 to 
K,3 decay rate is expressed as follows in terms of the parameter é 
quoted above: 

_ I(K,3) —_ nn. . . 2 
Rue = TUK.) = 0-65 + 0-13€ + 0-019€7. 
As we already know, in the limit of unitary symmetry £ must be 
equal to zero. From experimental] data on R,,and on the polarization 
of muons from K,3-decay it follows that -1 S$ € S$ +1. Now 
this result is in a reasonable agreement with theory, especially 
when one takes into account that another possible value of & 
(for given R,.) was & ~ — 9. (The latter turned out to be in con- 
tradiction with data on the muon polarization.) 


LEPTONIC DECAYS OF BARYONS 


The baryon octet J? = 4* is described by a matrix B;, which 
can be written in analogy with the meson matrix: 


a° A® 
pty ? 
; yo 40 
Bs = > ~W72 + 6 n 
ee =0 _ 2A° 
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To D-coupling there corresponds a combination BY Be + Be By, 
whereas to the F-coupling there corresponds a combination 


By BY — B* BY. Let us write the corresponding amplitudes of the 
interaction of baryons with leptons. 
D-Coupling: 


> _ _ _ 
II\/5 (A°S* + B-A%) + E-5° + apl cosa 
l =~ «= lo | 8 
+ a (2p + E29) — Te (Ap + FA) + Sng Hop x 
x sin a| l. 
F-Coupling: 


_ {L2(2°x" — 5-5°) + E-£° — ap} cosd 


1 = _ _ _ _ 
4 a (S°p — S-L°) + \5 (A°p — £-A°) + Lon — F°D* x 
x sin o| l. 


For the vector and axial baryon amplitudes one can, in general, 
write 

V = ay[(1 — dy) Ve + dy Vly, 

A= oF) [1 _ d,) Ar + d, Ap] Val 5 > 


where the indices F and D correspond respectively to the F- 
coupling and D-coupling. From the fact that the vector weak 
current is in the same octet as the electromagnetic current it fol- 
lows immediately that d, = 0, ay = 1. (One can easily convince 
oneself of the validity of the first of these statements, for example, 
as follows: if dy + 0 there would exist an electromagnetic am- 
plitude Ay, with a coefficient which does not become zero as 
g* — 0, which would contradict gauge invariance.) As tod, and a,, 
their values can be found by comparing the amplitudes written 
above with corresponding experimental data. The neutron decay 
enables one to determine «, cos?: 


An+p = &a[(1 — da) + dal cosdy,ys = &4 COS OVYs. 


From comparison with experiment it follows that o, = 1-15 + 0-04. 
The value of d, can be determined proceeding, for instance, from 


9 a* 
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the experimental rate for the 2 + A°e-# decay. This decay is for- 
bidden when d, = 0. Indeed, as follows from the expression for 
D-coupling and F-coupling, the 2’'— A transition is contained 
only in the first of these: 


Ax ya = \3d4x4 COSUY,Ys. 


Comparison of the theoretical decay rate, calculated by means of 
this amplitude, with the experimental one gives 


3 Sd, Ni. 


The value of 3: can be found by comparing corresponding theoretical 
expressions with the experimental probabilities of the decays 
+ — nev, A > pevand so on. The amplitudes of these decays have 
the form 


- 3 2 , 
A — peo: = V5 bn + xa(1 — $4) rors} sind, 
S->nedv: —{y, tag — 2dy) ys} sind, 
= ~ 3 4 , 
&- — Aes: 5 by + o4(1 — 544) 707s| sind, 
S- 3 Loe-v: a5 Ws + w%4V,¥5} sind. 


The value of #, as determined from the first two decays, amounts 
to about 0-24, which is in good agreement with the values of ? 
found above from meson decays. The experimental probability of 
the &- — A°e°*# decay is several times larger than the theoretical 
value calculated on the basis of the amplitude written above. 
However, experimental data are still very scarce—only a few cases 
of the &- — A°e # decay have been observed. As to the &- > 2° e-# 
decay, it has not been observed at all as yet (see Table 8). 

The knowledge of the amplitude allows one, of course, to predict 
not only the decay rates but also the angular and spin correlations 
in these decays. The experimentally observed angular distribution 
of electrons from the decay of polarized A-hyperons is in good 
qualitative agreement with the amplitude of the 4 — pew decay 
and the value of d, quoted above. The test of other correlations 
is of great interest. 

The quantitative comparison of the leptonic decays of mesons 
and baryons within the framework of octet symmetry, described 
above, was first carried out by Cabibbo, who, in analysing the 


WEAK INTERACTION AND UNITARY SYMMETRY 259 


experimental data, obtained 3 ~ 1/4, d, ~ 3/4. Since the experi- 
mental data have large errors, they are not in contradiction with 
another possible value of the parameter d, (d, ~ 1/3) for about 
the same Cabibbo angle (@ ~ 1/4). As is seen from the amplitudes 
quoted above, the latter possibility corresponds to a higher theo- 
retical probability for the 5- > A°e-# decay, a lower theoretical 
probability for the 2~ > A°%e-# decay, and a negative sign for 
the A/V ratio in the 2~ — ne~# decay. (Note that, according to the 
generally adopted definition, V = +y,, A = +Ys5y,.) 

We have considered only the dominant, ‘‘allowed”’ terms of 
the amplitudes of the leptonic decays of hyperons. Analogous 
relations exist also between terms of the “weak magnetism” and 
“effective pseudoscalar” type. Taking into account these terms will 
give only small corrections and will slightly change the value of the 
total probabilities of the corresponding decays. 

All of what we said above refers to the limit in which the strong 
interaction is unitary symmetric. It is natural to raise the question 
as tohow the relations obtained above will change when the moder- 
ately strong interaction is taken into account. An answer to this 
question was given by Ademollo and Gatto who showed that 
in first order in the moderately strong interaction, having the trans- 
formation properties of a component of an octet, the above ex- 
pressions for vector amplitudes remain unchanged. No unitary 
relations remain between axial amplitudes. 


HADRONIC DECAYS 


We have considered the consequences of the hypothesis that weak 
hadronic currents are components of an 8-vector. We shall now 
assume that the Lagrangian of the weak interaction between hadrons 
also represents a component of an 8-vector. From this assumption 
it follows immediately that the A 7 = 4 rule for hadronic decays 
holds: indeed, the components of an octet with |Y| = 1 have 
T = 3. 

The non-leptonic Lagrangian, which transforms like a compo- 
nent of an 8-vector and obeys the 47 = 4 rule, is not a consequence 
of the current x current hypothesis. This is connected with the 
fact that the product of two hadronic currents, each of which is 
an 8-vector, contains more than the representation 8. In particular, 
it contains the representation 27 (p = 2, q = 2), having components 
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with |Y| = 1 and T = 3/2. There are two possible explanations 
of the hadronic rule AT = 4. 

First, in the Lagrangian the terms with AT = 3/2 belonging to 
the representation 27 can be compensated for by additional terms 
in the Lagrangian, for instance, by those due to the product of 
additional neutral hadronic currents. 

Second, the representation 8, containing terms with AT = 4, can 
be selectively enhanced by some dynamical mechanism, whereas 
the representation 27 is not enhanced, and may even be suppressed. 

In what follows, without trying to predetermine which of the 
hypotheses quoted is correct, we shall make use only of the fact 
that the amplitudes of weak hydronic decays are dominated by 
the octet component of the Lagrangian, and that the latter con- 
serves C P-parity. From these assumptions it follows that the domi- 
nant component of the Lagrangian of the strangeness changing 
weak hadronic interaction is the 6th component of the octet. In 
order to demonstrate this, we recall that an octet of mesons, cur- 
rents or interactions that goes over into itself under C P-transfor- 
mation contains 8 real components (see above the paragraph on 
the eight-current matrix). Five of the eight components (3, 8, 1, 4, 6) 
have the same CP-parity, whereas remaining three components 
{2, 5, 7) have opposite parity. 

The Lagrangian of the weak hadronic interaction might, in 
general, contain four charge-conserving components of an octet: 
Hz, Hg, He, Hz. Two of these, H; and H,, conserve strangeness, 
and their C P-parity is even. The other two components, H. and 
H,, do not conserve strangeness but do conserve electric charge. 
However, a Lagrangian conserving C P-parity can contain only 
one of these, 1.e. H,, having the same CP-parity as H; and Hg. 


0-DECAY 


We shall now show that the Lagrangian H, forbids K° > 2x 
decays which are allowed by the AT = 4 rule. For this purpose we 
shall first show that the K}-meson is the 7th component of a pseudo- 
scalar meson octet. Indeed, the CP-parity of the K°-meson is 
even, whereas that of the 2°-meson (the 3rd component) and the 
7°-meson (the 8th component) is odd. Consequently, the K°-meson 
as the seventh component of the octet. 

From this it follows immediately, for instance, that S U3-invari- 
ance forbids diagrams of the tadpole type (Fig. 78), which describe 
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the transition of the virtual K°-meson into the vacuum under the 
action of the weak interaction. (In a number of studies it was 
assumed that it is these diagrams that are responsible for the 
dynamical enhancement of transitions with AT = 4.) 
Let us now consider the K? — 27 decay. The discussion is more 
conveniently given if a spurion /, representing the 6th component 
KP As 


FIG. 78 


of an octet, is introduced. Then the K? — 2 decay can be written 
in the form of a unitary-invariant reaction in which four 8-vectors 


take part: h + Ko 2m. 


The most general amplitude of a reaction A + B > C + D, where 
A, B, C, D are 8-vectors, has the form 
M = a,(ABCD) + a,(ABDC) + a3(ACDB) + a,(ACBD) 

+ as(ADBC) + a,(ADCB) + a,(AB) (CD) 

+ ag(AC) (DB) + a,(AD) (BC). 
Here parentheses denote a trace, for example, 

ABCD = A®BRCS D5. 
It should be noted that nine unitary scalars satisfy one linear rela- 
tion: 
(ABCD) + (ABDC) + (ACDB) + (ACBD) + (ADBC) + (ADCB) 
= (AB)(CD) + (AC) (DB) + (AD) (BC) 


However, it is sometimes more convenient not to employ this rela- 
tion and to write the amplitude in the symmetric form shown above. 
In order to prove the forbiddenness of the Kj — 27 decay, we 
consider the charge conjugation operation. Under charge conjuga- 
von A = AZ > Ac = NAB = NA. 
In the case that A + A we shall assume 7 = 1. When A = A we 
shall take 7 = +1 if the 8th (and, consequently, Ist, 3rd, 4th, 6th) 
component of the octet A has even charge parity, whereas, if the 
charge parity of the 8th component is odd, we shall take 7 = — 1. 
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The K) > 27 decay goes with violation of both P- and C-parity. 
The amplitude of this decay satisfies the conditions CP = +1, 
P=-—1, C=-—1. The same conditions must be satisfied by the 
amplitude of the reaction / + K; — 2. In particular, from the 
last condition it follows that the relation Mc = — M must hold. 
We shall now convince ourselves of the fact that this relation con- 
tradicts the unitary symmetry requirement. Performing the substi- 
tution A =h, B = C = D = 9 and taking into account that the 
three mesons enter symmetrically into the space part of the matrix 
element of the K} — 27 decay, we obtain: 


M = al(hy, 923) + (G1 3 G2) + (A923 91) 
+ (hp. 91 G3) + (hG3 91 G2) + (AG3 92 ~1)) 
+ bl(h@,) (P2G3) + (hG2) (G3 91) + (Aes) (G1 G2). 


Taking into account that under charge conjugation » — m and 
that by definition h — h, we get 


(hd, 9293) > (93 G2 91h) = (hys 9291) 


(191) (9293) — (291) (P2H3) + and so on. 


From this it follows that M- = M, and, consequently, WM = 0. 

Thus, in the limit of strict unitary symmetry the K? — 27 decay 
is forbidden, while under the conditions of approximate unitary 
symmetry it is suppressed. In experiment this decay is found to be 
about 500 times more probable than the K* ~ 22 decay which takes 
place on account of the violation of the AT = 4 rule. It can be 
assumed that, if there were no unitary forbiddenness for K? > 22, 
this ratio would be of the order of 10%. 

This conclusion is of great importance. It means that the accu- 
racy to within which the JT = 4 rule holds is about the same as 
that to within which the isotopic invariance (“4T = 0 rule”’) 
holds in strong interactions. 


VIOLATION OF THE 4AT=34 RULE 


The problem of the mechanism of violation of the selection rule 
AT = } is closely connected with that of the origin of this rule. 
Therefore it can be expected that an investigation of the first problem 
wil] help us to find an answer to the second. 
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If the accuracy of the AT = 4 rule is of the same order as that 
of the conservation of isotopic spin in strong interactions, then it 
would be natural to assume that departures from the AT = 1 
rule, like the violation of isotopic invariance, is due to virtual pho- 
tons. However, the situation here is perhaps not so simple. Our 
suspicion is inspired by the following numerical agreement, pointed 
out by Schwinger. The product of two phenomenological currents 
—a vector current K*z° with T = 4 (from K;;-decays) and an axial 
current z+ with T = 1 (from the z,,.-decay)—gives for the matrix 
element of the K* > 2x decay, forbidden by the AT = 4 rule, 
a value very close to the observed one (the calculated value is twice 
as large as the experimental one). 

If this estimate is taken seriously, then we should conclude 
that the transitions with AT = 4, contained in the product of 
charged hadronic currents, are enhanced, and that it is those with 
AT = 3/2, although slightly suppressed, that are responsible for 
departures from the AT = 4 rule, which have been observed in the 
K~ — 2a decay and are to be observed in other decays when the 
experimental accuracy becomes higher. The role of virtual photons 
is in this case unessential. On the other hand, the following possi- 
bilities are not excluded: the component of the initial Lagrangian 
with AT = 3/2 is suppressed (for example, owing to neutral currents), 
the observed departures from the AT = 4 rule are due to virtual 
photons, and the numerical agreement in the K* — 2m decay is 
accidental. 

Finally, it may be that the order of magnitude of the contribu- 
tion of virtual photons is the same as that of the contribution of 
original current x current transitions with AT = 3/2. In this case 
the interaction with AT = 3/2 would be in the same ratio to the 
interaction with AT = +4 as the virtual electromagnetic interaction 
is to the strong isotopically invariant interaction. 

In finding out which one of these possibilities is realized in 
nature, valuable information can be yielded by data on the relative 
intensity of transitions with AT = 5/2 and AT = 3/2. This is con- 
nected to the fact that the ratio between these transitions 1s different 
for the different theories described above. 

Thus, if virtual photons are unessential, then we expect that 
transitions with AT = 3/2 will be considerably more intense than 
those with AT = 5/2 (the latter exist only owing to virtual photons). 
If virtual photons play an essential role in violating the JT = 4 
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rule, then the intensities of the transitions with AT = 3/2 and with 
AT = 5/2 should be of the same order. 

Data on transitions with AT = 5/2 can be obtained from an 
analysis of the t-decay of K*t- and K-mesons. 


HADRONIC DECAYS OF HYPERONS 


It is known that the amplitude of the non-leptonic decay of 
hyperons contains two components—S and P—the first of which 
corresponds to a decay with / = 0, and the second to a decay 
with / = 1. The AT = 4 rule interrelates the S(P) amplitudes of 
various decays within a given isotopic multiplet: 


S(A° = pa-) = — V2S(A®° - nn), 
S(E- — A°n-) = — Y2S8(5° — A°n?), 
j2S(2" > px®) = S- 3 na-) — S(2* > n1*). 
The same relations hold between corresponding P-amplitudes. As 
a result, the seven observed decays of hyperons are described by 
four independent S(P) amplitudes. 

The hypothesis that the Lagrangian of the non-leptonic weak 
interaction represents the 6th component of an octet imposes an 
additional condition upon the four independent S-amplitudes. To 
obtain this condition, we again make use of the spurion. By means 


of the spurion, the hyperon decay B > B + x can be written as a 
unitary-invariant reaction: 


ht+BoB+n. 
The most general form of the S-amplitude of this reaction is 
9 
S = 2d S; I,, 
i=l 


where 
I, =(ABgB) I, =(hABBq) I, = (ho BB) 


I, =(hByB) Is = (hB)(By) I, = (hyBB) 
Iz =(ABBy) Ig = (hB)(By) Ig = (he) (BB). 


Making use of the explicit matrix form of the wave functions of 
8-vectors, it is easy to obtain the expression for the S-amplitudes 
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of various decays (we recall that h = /,): 


1 
S(A®° > px-) = V6 ( + S; — 284), 
— l 
S(E- —_ A°zx-) = yo — 283 + Sa), 
l 
S(2* > px) = (S,; — S53), 


2 
S(2L* —> nit) = S; + S's, 
S(2- > na-) = S3 + Ss. 


Let us see what restrictions are imposed on the S-amplitudes 
by the requirement of combined parity conservation. It should 
be recalled that the amplitude for hyperon decay has the form 
y(S + Pys) pa, where py and az are the space parts of the wave func- 
tions of the baryon and the meson, respectively. Both components 
in the amplitude must have even CP-parity. The space part of the 
amplitude has P = +1, C = +1 for the P-wave, and P = —1, 
C = +1 for the S-wave. 

Consequently, by virtue of CP-parity conservation the unitary- 
isotopic factors P and S must possess, respectively, even and odd 
charge parity. (If the factor S did not change sign under charge 
conjugation, the amplitude Syyz would be forbidden by virtue of 
CP-parity conservation, as is the case, for instance, for the vertex 
ppz.) In what follows we shall make use of this. 

Under charge conjugation 


B= Bl Bo = BB =B, goog, hoh, 


and, consequently, Loh Leh 
Lol ILols 
Ig 71g Is Ig. 
Since the S-amplitude must have odd charge parity (S = — Sc), 
it follows that the relations 
S,=S,=S8,=0, S$; = —S7, Sy=—Ss, Ss = —Se 


must hold. Making use of the fact that S, and S, are equal to 
zero, the relation 


S(A° —> pa) + 2S(5- -> A° x7) = y3S(2" — px°) 
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can easily be derived. This relation is in rather a good agreement 
with experiment. 
Writting the amplitude of the P-wave in the form 


9 
P=2LP,/; 
f=!) 


and making use of the condition P. = P, it is easy to obtain the 
relations P; = P,, Py = Ps, Ps = Ps. However, these equalities 
do not lead to any relations among the observed P-amplitudes of 
hyperon decays. 


PARITY NON-CONSERVING NUCLEAR FORCES 


In elucidating the nature of the hadronic rule AT = 4 the know- 
ledge of the isotopic structure of parity non-conserving nuclear 
forces may turn out to be of fundamental importance. 

According to the “‘current x current”? hypothesis a strangeness 
conserving weak non-leptonic interaction arises (in multiplying 
the total weak current by the Hermitian conjugate current) along 
with the strangeness changing weak non-leptonic interaction. 

A weak hadronic interaction that does not conserve parity but 
does conserve strangeness has recently been discovered experimen- 
tally (see the beginning of Chapter 20) in the form of a small ad- 
mixture in nuclear forces. A strangeness conserving weak interac- 
tion between two nucleons might, in general, contain terms with 
AT = 0, AT = 1 and AT = 2. However, if this interaction enters 
an octet with the non-leptonic interaction H, considered above 
(with |AY| = 1 and AT = 4) then AT + 2, since in the octet 
there are no components with J = 2 (they enter the representa- 
tion 27). The strangeness conserving interaction is described in this 
case by two components: H, (AY = 0, AT = 0) and H; (AY = 0, 
AT = 1). The ratio between the components H, and Hg turns out 
to be sensitive to the nature of the mechanism giving rise to the 
octet properties of the weak hadronic Lagrangian (and, conse- 
quently, to the AT = 4 rule). 

If octet properties arise without additional currents, and are due 
to a dynamical enhancement of the octet part of the product of 
the total charged current, then a ratio Hz, > H must hold. This 
is associated with the fact that the strangeness conserving current 
(j, + ij.) cos? gives a contribution only to Hg, whereas a contribu- 
tion to H3 is given only by the strange current (j, = ijs) sind. 
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Hence H; ~ tan? Hs, where, from the data on leptonic decays, 
tan?? ~ 1/15, and we may conclude that parity non-conserving 
nuclear forces must be approximately isotopically invariant 
(AT ~ 0). But, if octet properties arise from a compensation due 
to additional currents, then there are no special reasons for assum- 
ing Hs to be considerably larger than H. Therefore, in this case 
presumably H3 ~ Hg and parity non-conserving nuclear forces 
are not isotopically invariant. 

To elucidate the isotopic structure of parity non-conserving nu- 
clear forces, experiments with light nuclei are necessary. Thus, for 
instance, the intensity of the interaction with AT = 0 might be 
estimated on the basis of the rate of the «-decay from the excited 
8:8 MeV level of the O'° nucleus: 


O16*(2-, T = 0) > C!2(0+, T = 0) + He*(0*, T = 0). 


The presently established upper limit for the intensity of this decay 
amounts to ~ 10-!* of the normal intensities for allowed «-decays. 

The magnitude of the admixture with AT = 1 might be estimated 
from the degree of circular polarization of photons produced 
in transitions from an excited level of the B‘!° nucleus, having an 
energy of 5-11 MeV, J”? = 2-, T = 0, to lower levels with J? = 1*, 
2+, 3+ and 7 = 0. The circular polarization will arise from the inter- 
ference of the parity conserving electric transition EJ and the parity 
violating magnetic transition MJ. Beside the 5-11 MeV level with 
J? =2-andT = Othere isa 5:16 MeV level with J? = 2* andT = 1. 
The closeness of this level having different parity may enhance 
the M/J-transition, if parity non-conserving nuclear forces have a 
considerable component with AT = 1. Otherwise this enhancement 
will be small. 

It should be noted that the experiment under discussion is very 
difficult, and that its theoretical interpretation may conceal many 
a “sunken reef’’. Nevertheless, information which this and similar 
experiments can yield is so fundamental that they deserve the most 
serious attention. 


OTHER GROUPS OF RANK TWO 


The group SU, is a rank-two group, since two additive quantum 
numbers, 7, and Y, correspond to it. It is one of the four so-called 
semi-simple Lie groups of rank two. The remaining three are 
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denoted by O,, O, andG,. The groups O, and O, are rotation groups 
in four-dimensional and five-dimensional space, respectively. The 
group G, is a special Cartan group. 

A disadvantage of all these groups in comparison with SU; is 
the fact that the 7, Y-diagrams of their representations are symme- 
tric with respect to the line Y = 0, whereas in nature, apparently, 
there are supermultiplets which do not possess such a symmetry. 
The group S U;, asis known, contains not only symmetric represen- 
tations (e.g. 8) but also unsymmetric ones (e.g. 10). However, it 
is not excluded that, with discovery and systematization of new 
resonances, we shall have to recur to other groups. 


GROUPS OF A HIGHER RANK 


If supercharged particles are discovered, then in the strong 
interaction we shall have to deal no longer with two but with three 
quantum numbers: 7;, Y, Z. Inessence, we shall pass from the group 
SU; to the product of groups U,.SU;. Naturally, the question 
arises as to whether in this case the particles will be separated into 
super-supermultiplets, grouping particles having different 7, Y, Z 
but the same spin and parity, closely spaced masses and similar 
strong interactions. 

Such super-supermultiplets have been considered in a number 
of studies for the unitary rank-three group SU, and symplectic 
rank-three group SP,. Referring the reader to the survey of litera- 
ture, we find it useful to make a remark concerning the notation. 
In some studies, instead of the relation 


Y 
O — T; + 2 
that we are using, a relation 
Y’ Z 
Q=T3+ > + 3 


is used. In such a definition of charge, 7,, Y’ and Z are the eigen- 
values of the group generators, and this, in a number of cases, may 
present certain advantages. But, if the conservation of Z turns out 
to be violated by the moderately strong or electromagnetic inter- 
action, then the conservation of Y’ will also be violated in these 
interactions, and so it is more reasonable to make use of the hyper- 
charge Y, which is conserved in these interactions. 
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SPACE-UNITARY SYMMETRIES 


Besides supermultiplets grouping particles with given values of 
spin and parity, the possibility is also discussed in the literature 
of the existence of super-supermultiplets grouping particles with 
different spatial properties, for instance, particles of different parity. 
Such theoretical schemes (e.g. those for the SU, x SU, symmetry) 
have as an underlying hypothesis that the fundamental Lagran- 
gian of the SU;-invariant strong interaction possesses also y;- 
invariance. Degeneracy in parity, associated with y.-invariance, 
must also be manifested in the case of physical particles, provided 
the violation of this invariance is not too strong. One of the main 
consequences of the scheme of SU; x SU; symmetry is the pre- 
diction of the existence of nine scalar mesons with masses of the 
same order as the nine pseudoscalar mesons. 


CHAPTER 2l 


BIBLIOGRAPHY?t 


THE survey of literature given below does not pretend to be complete. A number 
of important theoretical and experimental papers are not quoted in it. 

The literature covered by the survey will help the reader to get a more detailed 
knowledge of the present state of the problems considered in the book and also, 
in a number of cases, of the history of these problems. In accordance with the 
general design of the book, this survey of the literature is divided into the 
following sections: 


Particles. Models. Interactions 

Weak interaction Lagrangian 
Interactions of leptons 

Strangeness conserving leptonic decays 
Strangeness changing leptonic decays 
Non-leptonic decays 

Neutral K-mesons 

Parity non-conservation in nuclear forces 
Weak interactions at small distances 
Weak interaction and unitary symmetry 
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